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Abstract 
 
The present thesis deals with the synthesis and characterization of nanostructured, phase-pure 
ferrite materials (MFe2O4) concerning their potential use in photocatalysis and photoelectrochemistry. 
The cubic spinel magnesium and zinc ferrite (MgFe2O4 and ZnFe2O4) and the orthorhombic calcium 
ferrite (CaFe2O4) were chosen as photocatalyst materials due to their composition of earth-abundant 
and non-toxic elements. They exhibit band gaps of 1.9 eV – 2.0 eV[2,3], which allows to perform 
photocatalytic reactions under visible light excitation. While MgFe2O4 and CaFe2O4 are reported to be 
n-type and p-type semiconductors, respectively, contradictory reports were published on the band 
positions and semiconducting behavior of ZnFe2O4. Thus, this thesis aims to clarify these characteristics 
for the three chosen compounds. 
Solution-based synthesis procedures were selected on the basis of literature reports[4,5] to produce 
nanoparticles and mesoporous thin films of the selected ferrite compounds. For nanoparticle 
synthesis, a microwave-assisted approach was chosen. Furthermore, methods for post-synthetic and 
in situ production of colloidal solutions were developed. This offers the possibility to study the 
interplay of colloidal stability, the nature of surfactants and the resulting efficiency for photocatalytic 
degradation processes.  
To create mesoporous thin films, a dip-coating approach was applied investigating different block-
copolymers used as porogens. The synthesis procedure was optimized with regard to the activity under 
visible light. By this means, conclusions on the connection between the pore morphology and 
crystallinity of mesoporous thin films and their photoelectrochemical performance was possible. 
Special focus was put on the phase purity of the synthesized ferrites, which was checked not only 
by X-ray diffraction (XRD), but also by Raman spectroscopy. Besides, various analytical methods such 
as spectroscopic tools, physisorption, photoelectrochemistry or synchrotron-based X-ray absorption 
techniques (XES, XANES, RIXS) were employed to achieve a detailed characterization and a deeper 
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Kurzfassung 
 
Die vorliegende Arbeit beschäftigt sich mit der Synthese und Charakterisierung von 
nanostrukturierten, phasenreinen Ferritmaterialien (MFe2O4) in Hinblick auf ihre potentielle 
Anwendung in der Photokatalyse und Photoelektrochemie. Die kubischen Spinelle Magnesio- und 
Zinkferrit (MgFe2O4 und ZnFe2O4) und das orthorhombische Calciumferrit (CaFe2O4) wurden als 
photokatalytische Materialien ausgewählt aufgrund ihrer ressourcenreichen und ungiftigen Elemente. 
Die Materialien weisen Bandlücken zwischen 1.9 eV und 2.0 eV[2,3] auf, was die photokatalytische 
Anwendung unter Verwendung von sichtbarem Licht als Anregungsquelle ermöglicht. Während 
MgFe2O4 und CaFe2O4 als n-typischer bzw. p-typischer Halbleiter identifiziert wurden, gibt es in der 
Literatur widersprüchliche Berichte über die Bandpositionen und Halbleitercharakteristika des 
ZnFe2O4. Daher zielt diese Thesis auf die Aufklärung dieser Charakteristika für alle drei ausgewählten 
Verbindungen. 
Es wurden Synthesemethoden aus homogener Lösung anhand von Literaturstellen[4,5] ausgewählt, 
um Nanopartikel sowie mesoporöse Dünnfilme der ausgewählten Ferritmaterialien herzustellen. Für 
die Nanopartikelsynthese wurde ein mikrowellengestützter Ansatz gewählt. Außerdem wurden 
Methoden zur direkten und post-synthetischen Erzeugung kolloidaler Lösungen entwickelt. Dies 
ermöglicht die Erforschung der Zusammenhänge zwischen Kolloidstabilität, Art der 
Oberflächenreagenzien und der resultierenden Effizienz in photokatalytischen Abbaureaktionen. 
Um mesoporöse Dünnfilme herzustellen, wurde ein Tauchbeschichtungsverfahren verwendet und 
der Einfluss verschiedener Block-Copolymere als Porentemplate untersucht. Die Synthese wurde 
hinsichtlich der Aktivität der Materialien bei Bestrahlung mit sichtbarem Licht optimiert. Dadurch 
konnten Rückschlüsse auf den Zusammenhang zwischen Porenmorphologie und Kristallinität 
mesoporöser Dünnfilme und deren photoelektrochemischer Leistungsfähigkeit getroffen werden. 
Besonderer Fokus wurde auf die Phasenreinheit der synthetisierten Ferrite gelegt, was mittels 
Röntgendiffraktion (XRD) und Raman-Spektroskopie überprüft wurde. Außerdem wurden 
verschiedene Analysemethoden wie beispielsweise spektroskopische Methoden, Physisorption, 
Photoelektrochemie oder synchrotrongestützte Röntgenabsorptionstechniken (XANES, XES, RIXS) 
genutzt, um eine umfassende Charakterisierung der synthetisierten Proben zu ermöglichen und ein 
tieferes Verständnis über die photokatalytischen und photoelektrochemischen Eigenschaften der 
ausgewählten Materialien zu erhalten. 
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1 Introduction 
1.1  Motivation 
 
The impact of climate change due to global warming is indisputable in the scientific community.[1-3] 
The main reason for the increase of the global average temperature – approx. 0.2 °C per decade during 
the past 30 years – are greenhouse gases produced due to the human consumption behavior, e.g. 
widely established use fossil energy sources and intensive animal farming.[6,9,10] The sustainable 
generation and storage of energy from renewable sources is one of the major topics of recent research 
to cover the worldwide demand for energy in the present and the future and to avoid further increase 
of greenhouse gas emissions. Energy supplied by photocatalytic and photoelectrochemical generation 
of renewable fuels presents an environmentally friendly opportunity to use the most abundant 
sustainable energy source – the sun. For a good cost-to-value efficiency, suitable semiconductor 
materials need to be found for optimum use of the energy input via sunlight by conversion into 
electrical energy and storage in form of solar fuels. 
In the past, research focused on binary oxide photocatalysts such as TiO2 (3.0 eV (rutile), 3.2 eV 
(anatase))[11,12], Ta2O5 (4.0 eV)[13] and Nb2O5 (3.4 eV)[13]. But also ternary compounds like CaTiO3 
(3.5 eV)[13], SrTiO3 (3.25 eV)[14], Y2TiO7 (3.5 eV)[15] and Ba5Ta4O15 (4.5 eV)[16] have attracted more 
attention. Due to their large band gaps, the use of the sunlight spectrum is limited to the small region 
of UV and near-UV light. Because of this, the overall efficiency is still too poor to design comprehensive 
systems for industrial application in sustainable energy generation.  
Recently, ferrites (MFe2O4) have been widely discussed as potential materials for photocatalysis 
and photoelectrochemistry.[17–19] With their variety of possible metal cations, numerous ferrite 
materials can be synthesized having band gaps around 2.0 eV for visible light absorption, which 
increases the total sunlight energy input compared to the aforementioned oxides. Depending on the 
metal cation M, ferrites can consist of non-toxic and inexpensive because earth-abundant elements. 
Most commonly, ferrites exhibit a cubic spinel type crystal structure, but other structures are reported 
as well, e.g. for copper ferrite (CuFe2O4, tetragonal)[20,21], barium ferrite (BaFe2O4, orthorhombic)[22] or 
calcium ferrite (CaFe2O4, orthorhombic)[23].  
Cubic spinel ferrites are often reported to be n-type semiconductors possessing a favorable band 
bending for oxygen evolution reaction.[17] A change in crystal structure prevalently leads to a p-type 
semiconducting behavior, which makes those ferrites interesting for photoreduction reactions such as 
conversion of CO2 to methanol[24] or hydrogen evolution reaction during photoelectrochemical water 
splitting[17]. As there is a limited number of oxide-based p-type semiconductors known so far[25], the 
fabrication of p-type ferrite photoelectrodes gained a lot of attention during the past few years. 
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A variety of synthesis approaches for ferrite nanoparticles and thin film electrodes have been 
reported so far, i.e. high-temperature reflux synthesis, mechanochemical and hydrothermal 
approaches, solid state reactions, chemical vapor deposition (CVD) or atomic layer deposition (ALD) 
thin film techniques.[5,26–31] 
As part of this doctoral thesis, ferrite compounds magnesium ferrite, zinc ferrite and calcium ferrite 
(MFe2O4; M = Zn, Mg, Ca) were synthesized and investigated concerning their photoelectrochemical 
behavior for solar fuel production. The fabrication of ferrite nanoparticles and nanostructured thin 
films of the aforementioned ferrites was aimed by development of solution-based synthesis 
procedures. Extensive characterization was performed using various analytical methods such as X-ray 
diffraction and absorption techniques, spectroscopic tools and photoelectrochemistry. 
Magnesium ferrite and zinc ferrite (MgFe2O4 and ZnFe2O4) are cubic spinel-type ferrites with 
different tendencies for inversion. Their band gaps were reported to be 2.0 eV[3] and 1.9 eV[2], which 
makes visible light absorption possible. In literature, especially the band positions of zinc ferrite have 
been discussed controversially, as many contradictory reports were published. This is why special focus 
was put on the determination of their semiconducting behavior (n-type or p-type) and band positions 
to evaluate, if overall water splitting or only one half-reaction – hydrogen evolution reaction (HER) or 
oxygen evolution reaction (OER) – is possible. Calcium ferrite (CaFe2O4) is reported to show p-type 
semiconducting behavior alongside a band gap of 1.9 eV.[32] In contrast to MgFe2O4 and ZnFe2O4, it has 
an orthorhombic crystal structure due to distortion of the oxygen coordination sphere. The conduction 
and valence band edges reported in literature (-0.6 V and 1.3 eV vs. NHE)[32] are suitable for 
simultaneous solar hydrogen and oxygen evolution. The p-type conducting behavior, band positions 
and photoelectrochemical response of mesoporous CaFe2O4 were illuminated in detail. 
 By synthesis optimization combined with detailed analyses, an optimum procedure for production 
of nanostructured ferrites, i.e. nanoparticles and mesoporous thin films, was realized.  
For mesoporous thin films, a sol-gel approach was chosen and two different block-copolymers as 
porogens were chosen. These two thin film synthesis approaches were aimed to be compared 
concerning their porosity and photoelectrochemical performance, as differences in surface area, 
interconnection of crystallites and intrinsic defect concentration were expected. Furthermore, 
mesoporous thin films from a nanoparticle-containing solution were desired.  
For synthesis of nanoparticle-based photoelectrodes, phase-pure ferrite nanoparticles are 
necessary. Therefore, a microwave-assisted reaction was selected developing suitable synthesis 
techniques to obtain well-dispersible ferrite nanoparticles in polar and non-polar solvents by direct 
and post-synthetic surface functionalization. 
Special focus was put on the phase purity of the synthesized ferrites, which was checked not only 
by X-ray diffraction (XRD), but also by Raman spectroscopy being a powerful tools to trace by-phases 
since it is very sensitive to different iron oxide species.[33] In this work, MgFe2O4 and ZnFe2O4 
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nanoparticles and mesoporous MgFe2O4, ZnFe2O4 and CaFe2O4 thin films are presented, exhibiting a 
high grade of phase purity.  
1.2 Introduction − Overview 
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1.2 Overview 
 
The next chapter (chapter 2) will elucidate the theoretical background on the challenges of energy 
supply and the opportunity of solar energy conversion. In this context, the process of photocatalysis 
and photoelectrochemistry and the possibilities of improvement of these processes by nano-
structuring or application of sacrificial agents and co-catalysts will be explained. After discussion of 
non-noble transition metal oxide absorber materials for potential use in photoelectrochemistry and 
photocatalysis, the discussion will focus on iron-oxide-based materials with special focus on ZnFe2O4, 
MgFe2O4 and CaFe2O4 as earth-abundant, non-toxic and cost-effective absorber materials. 
In the following part (chapter 3), the experimental conditions for synthesis of ZnFe2O4, MgFe2O4 
and CaFe2O4 in form of nanoparticles, colloidal solutions and mesoporous thin films and powders will 
be explained. 
Subsequently, in chapter 4 the experimental methods used for analysis of the synthesized samples 
will be discussed including theoretical background of several special analysis techniques. 
In chapter 5, the results on the synthesis and characterization of ZnFe2O4 and MgFe2O4 
nanoparticles and colloidal solutions, sol-gel and nanoparticle-based mesoporous ferrite thin films and 
mesoporous ZnFe2O4 powders will be discussed. This includes the microwave-assisted and solvent-
reflux-based synthesis of ZnFe2O4 and MgFe2O4 nanoparticles with regard to the influence of the 
synthesis period, setup and post-synthetic heat treatment. Consecutively, the preliminary experiments 
on the surface functionalization of microwave-derived ZnFe2O4 and MgFe2O4 nanoparticles for 
generation of non-polar and polar colloidal solutions will be presented. Afterwards, the 
characterization of the synthesized and post-synthetically treated samples by X-ray absorption 
methods will be discussed and the photocatalytic activity of non-functionalized and surface-capped 
ZnFe2O4 and MgFe2O4 nanoparticles will be shown. The results of microwave-assisted synthesis and 
surface functionalization of MgFe2O4 nanoparticles have been published in The Journal of Physical 
Chemistry C in 2017.[1] 
The preliminary experiments on sol-gel-derived mesoporous thin films of ZnFe2O4, MgFe2O4 and 
CaFe2O4 will be elucidated in chapter 5.3. Here, the effect of different block-copolymers, maximum 
calcination temperature and period as well as the infiltration with SiO2 on the photoelectrochemical 
performance of mesoporous ZnFe2O4 thin films will be presented (chapter 5.3.1). The results of this 
work were published in 2018 in ChemPhysChem.[34] Based on these findings, the synthesis of 
mesoporous MgFe2O4 was approached in connection with photoelectrochemical investigations 
(chapter 5.3.2). Furthermore, the development of a reliable synthesis approach for formation of 
CaFe2O4 thin film electrodes with hierarchical pore structure at temperatures below 800 °C for possible 
application as photocathodes will be discussed (chapter 5.3.3).  
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In addition, a synthesis method for mesoporous nanoparticle-based ZnFe2O4 photoanodes via spin-
coating was developed (see chapter 5.4) and the results on mesoporous ZnFe2O4 and the 
characterization using synchrotron-based X-ray absorption methods will be illustrated (chapter 5.5). 
The next two chapters summarize the results discussed in chapter 5 concerning their optimization 
for photocatalytic and photoelectrochemical application. An outlook will give perspectives on possible 
future research topics in this context. 
The main part (chapter 2 and 7) is followed by a list of references, tables, figures, publications and 
conference contributions related to this work. Furthermore, it includes supplementary data supporting 
the discussion of the main part (see chapter 9). 
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2 Theoretical Background 
2.1 Present Challenges in Energy Supply 
 
As the discussion about global warming has heated up recently, alternative ways of energy 
production and storage are more necessary than ever to limit the greenhouse effect caused by 
greenhouse gases.  
Here, carbon dioxide (CO2) 
and methane (CH4) have to be 
emphasized as gases relevant for 
the greenhouse effect, which are 
mainly produced by human 
consumer behavior, e.g. fossil 
fuel consumption and extensive 
animal breeding.[10] Avoiding the 
fossil combustion product CO2, 
which is said to be responsible for up to 80 % of global warming, would be the most important goal in 
climate politics.[36] An increase in CO2 emission from combustion by 100 % from 1971 to 2015 becomes 
apparent from Figure 2.1. Scientists have stated a clear correlation between the increase of 
greenhouse gases and global warming for decades, but so far, the annual energy consumption is still 
mainly based on CO2-critical sources as shown in Figure 2.2. Even though 42 years are in between the 
two statistics, the percentage of fossil-based resources has declined only slightly from 86.7 % (1973) 
to 81.4 % (2015), showing that the energy consumption behavior has not changed significantly during 
the past decades. 
Concerning the total amount of CO2 emission, the consumption of non-renewable energy has even 
increased, underlining the 
importance of change in energy 
supply to prevent further damage 
to the world climate. The 
consequences of strong rise in 
the world’s average temperature 
is already noticeable today, as 
droughts, floods and rapid 
weather breaks are frequently 
reported.[7–9] The increase of such 
extreme weather conditions can 
 
Figure 2.1: Worldwide CO2 emission from fuel combustion in between 
1971 and 2015.[35] 
 
Figure 2.2: World's total energy supply by fuels in 1973 (left) and 2015 
(right).[35] 
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lead to bad harvests, extension of desert regions and shortages in drinking water. Therefore, the global 
community agreed to limit global warming by all possible means, committing to a decrease of 
emissions of 80 % by 2050.[37] Furthermore, the Paris agreement was signed, to keep the rise of global 
average temperature below 2 °C.[38]  
To achieve this, “green” alternatives to widely used fossil fuels and fossil-fuel-derived products are 
needed and a variety of possibilities is already used. Commercially available techniques of sustainable 
electricity generation are, for example, wind energy (838 TWh in 2015), solar photovoltaics (247 TWh 
in 2015) or geothermal energy (3978 TWh in 2015).[35] Compared to the global coal production of 
around 7.3 billion tons in 2015, the amount of renewable energy is vanishingly low (compare also 
Figure 2.2). With a still growing world population, a rising demand in energy is expected, which cannot 
be satisfied solely from sustainable sources so far. Nevertheless, widely established fossil fuel 
resources are finite, and their reserves decline every year. In Figure 2.3, the energy reserves for 
different resources are shown. For renewable sources, a yearly potential is shown, which exceeds the 
total reserves of finite energy sources (e.g. natural gas or petroleum). As evident from this graph, solar 
energy exhibits the highest potential to satisfy and even exceed the world’s annual energy needs, 
which is why current research aims to make use of this almost infinite energy resource.  
So far, the most popular way 
to harvest solar energy is the 
application of photovoltaic (PV) 
cells. 95 % of the commercial 
modules are made from mono- or 
multi-crystalline silicon wafers 
with record efficiencies of 26.7 % 
and 22.3 %, respectively.[40] In 
2017, PV cells contributed to the 
global electricity by 1.7 %[40], 
which is not yet competitive to 
fossil fuels and nuclear energy 
generation. Nevertheless, there is 
a fast growing market for PV cells with an annual increase of 24 % between 2010 and 2017.[40] As direct 
use of the generated energy is not always possible and night times need to be bridged, too, storage 
facilities for solar energy are necessary. With electrical energy from solar cells, solar fuels can be 
produced such as hydrogen (H2) from electrolysis of water. In solar fuels, the energy harvested from 
sunlight is conserved and can be stored or transported. This way, low-sunlight regions could be 
supplied with solar-derived energy and variations of the solar input due to weather conditions and 
seasons can be compensated. By combustion of H2, the stored energy is released and only H2O occurs 
 
Figure 2.3: Potential energy reserves of renewable and finite 
resources.[39] 
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as combustion product, which can be converted into H2 again. This is a major advantage compared to 
common fossil fuels with high CO2 emission. Besides, the high gravimetric energy density and an 
abundant source of H2 generation (water) are reasons why solar H2 production plays a key role in 
scientific research during the last decades.[41] 
 
 
2.2 Solar Energy Conversion 
 
With solar cells, energy from sunlight is not used directly but converted into electrical energy. 
During this conversion process, energy losses within the system occur. Possible alternatives to use 
solar energy directly for H2 generation from water are photocatalysis and photoelectrochemistry. For 
utilization of sunlight, semiconductors with band gaps in the range of the sun’s emission spectrum are 
needed in both, PV-based electricity generation and photocatalysis. The incident photons need to 
match or exceed the band gap energy barrier to generate separated charge carriers, namely electrons 
and holes. The energy E is connected to the frequency ν, the wavenumber 𝜔 and the wavelength λ by: 
 
E = hν = 
hc
λ
 = hcω 
(2.1) 
 
According to this equation, with a larger band gap Eg, only higher-energetic light is suitable to excite 
charge carriers, creating electrons and holes. Especially band gaps in the range of the UV light use only 
a very small part of the solar spectrum.  
In contrast, smaller band gaps around 2 eV (equal to 620 nm) would be suitable to use a larger part of 
the solar spectrum. This is also emphasized by Figure 2.4, which shows the dependence of 
solar-to-hydrogen (STH) efficiency and photocurrent density on the band gap. With optical band gaps 
of 400 nm or less, not even 5 % STH conversion 
efficiency can be reached. For comprehensive 
systems, a minimum STH conversion efficiency 
of 10 % is discussed.[43,44] This can only be 
achieved with absorber materials having band 
gaps of ≤ 2.3 eV, which is equal to an 
absorption ≤ 530 nm (compare Figure 2.4). 
Taking into account also overpotentials, which 
need to be generated for gas evolution 
reactions, a band gap of ≤ 2 eV would be 
desirable. Therefore, visible light active 
 
Figure 2.4: STH efficiency and solar photocurrent density 
generated under AM1.5G illumination correlated to the 
semiconductor band gap.[42] 
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semiconductors should be preferred for solar light driven processes. For comprehensive PEC cells, 
semiconductor photoelectrodes are aimed showing sufficient H2 and O2 evolution rates in aqueous 
solution at large current densities (10 – 15 mA cm-2) under 1 sun illumination for hundreds of hours.[45] 
For this purpose, efficient light harvesting and performance without degradation is necessary, 
outlining the need for materials research and characterization in this field. In the following chapters, 
the processes occurring during photocatalysis and photoelectrochemistry will be illuminated in detail. 
 
 
2.2.1 Photocatalysis and Photoelectrochemistry 
 
In photocatalysis, chemical processes are induced by charge carriers, which are generated within 
semiconductor compounds via light irradiation. The general term of photocatalysis is widely used for 
endergonic photocatalytic reactions (ΔRG° > 0) as well as for exergonic, photosynthetic reactions 
(ΔRG° < 0).[46] In a recent review by F. E. Osterloh, the differences in reaction course for surface-
sensitive photocatalytic reactions and charge-separation-sensitive photosynthetic reactions were 
discussed in detail.[47] Currently, homogeneous and heterogeneous systems are under review for 
photocatalytic applications. Homogeneous systems, which are designed to mimic nature’s solutions, 
e.g. photosystem II present in chlorophyll, show high turnover numbers (TON) indicating highly 
efficient redox processes.[48] Furthermore, enantioselective processes can be performed by 
photocatalytic reactions.[49,50]  
Unfortunately, homogeneous systems are less resistant against photocorrosion than 
heterogeneous photocatalysts, which is the main reason for insufficient long-term stability.[13,51] 
Additionally, recovery of the homogeneous 
photocatalyst is usually difficult, while heterogeneous 
photocatalysts can be easily separated from reaction 
solution by filtration, sedimentation or centrifugation. 
The general process of heterogeneous photocatalysis 
is displayed in Figure 2.5. When light with photon 
energy larger than the band gap of the semiconductor 
is used, electrons (e-) can be excited from the 
semiconductor’s valence band (VB) into the 
conduction band (CB), leaving a hole (h+) in the VB. 
Then, the separated e- and h+, which are called charge 
carriers, can either diffuse to the surface or they can 
recombine, which means the loss of absorbed solar 
 
Figure 2.5: Schematic illustration of the photo-
catalytic process. 
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energy. For efficient photocatalytic processes, recombination of charge carriers needs to be reduced 
to a minimum. For this, several methods are applicable, which will be discussed later on (see 
chapter 2.2.3). Due to charge carrier accumulation at the semiconductor surface, reduction (by e-) and 
oxidation (by h+) of compounds can occur. More precisely, a reduction reaction is possible if the CB 
minimum of the semiconductor is more negative (on the electrochemical potential table) than the 
redox potential of the substance which is supposed to be reduced. Accordingly, the oxidation of a 
substance is possible if its redox potential is energetically beneath the VB of the semiconductor. 
However, not only band gap size and band positions determine the photocatalytic efficiency of a 
semiconductor. Also the defect density and charge carrier concentration within the bulk material as 
well as the interfaces between the semiconductor and the electrolyte have a major influence.[46]  
As discussed earlier, photocatalytic water splitting by solar light is an economically and 
environmentally highly interesting reaction, which is investigated intensively by the photocatalysis 
community. It is widely considered to be artificial photosynthesis[52], as the production of solar fuels 
by photocatalytic process shows many similarities to nature’s photosynthesis including the 
thermodynamic aspects (1.23 eV for water splitting and 1.24 eV for glucose formation).[46] The half 
reactions for oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) under alkaline 
conditions are given in equations (2.2) and (2.3). 
 
Ered° = 0 VRHE 2 H2O + 2 e




Eox° = 1.23 VRHE 2 OH‐ → H2O + 
1
2




The overall water splitting reaction follows as: 
 
ΔE° = 1.23 V 






Due to the high number of holes, which need to be accumulated for OER, this half-reaction is 
nowadays considered to be the limiting step.[53] Another challenge is the large Gibbs free energy of 
ΔRG° = 237 kJ mol−1 for the water splitting process.[54] This makes overall water splitting a 
photosynthetic process. For efficient water splitting, both, the HER and OER, need to be optimized as 
the overall efficiency is limited by the low-performing half-reaction. Alternatively, also oxidation of 
other compounds instead of OER is possible. For example pollutants can be degraded, e.g. 
4-chlorophenol or benzophenone.[55] In this manner, a cleaning water treatment could be coupled with 
solar hydrogen production. During photoelectrochemistry, the same basic processes are triggered as 
discussed for photocatalysis. As peculiarity, the half-cell reactions are spatially separated from each 
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other at two single photoelectrodes, which are connected to each other within a tandem cell, which is 
shown in Figure 2.6.  
The oxidation reaction (OER in case 
of water splitting) is performed at the 
photoanode side, while the reduction 
reaction (HER in case of water splitting) 
occurs at the photocathode side. The 
first photoelectrochemical (PEC) cell for 
overall water splitting was already 
reported in 1972 by Fujishima and 
Honda.[56] Since then, many approaches 
for photoelectrochemical solar fuels 
production have been made to improve 
the overall performance.  
When designing a photoelectrochemical device for production of solar fuels, cost, toxicity, 
durability and performance need to be considered to gain a system being an economic alternative to 
photovoltaic-coupled electrolyzer approaches. These PV-electrolyzer systems usually operate at 1.8 V, 
as entropic increase and overpotentials for gas evolution need to be added to the bias of 1.23 V 
theoretically necessary for overall water splitting.[57] As the external bias is generated solely by the PV 
unit, it is subject to fluctuation of the incident light intensity, which can be affected by weather 
conditions and daytime. Due to this dependence, large energy losses up to 50 % are possible.[44] 
Furthermore, the complex combination of PV module and electrolyzer is susceptible to construction 
errors and transfer losses inside the system. 
As an alternative, photoelectrochemical cells have been developed, which use a more direct 
approach for light-driven water splitting, reducing the potential loss channels compared to the more 
complex PV-electrolyzer systems. Also in PEC systems, the open circuit voltage generated by 
photoexcitation of charge carriers needs to exceed the bias of 1.23 V and additional overpotentials for 
the HER and OER. Here, single-absorber cells with a photocathode and a photoanode fabricated from 
the same absorber material, or a side-by-side combination of two materials with different band gaps 
as separate electrodes can be applied. Even more sophisticated is the synthesis of two photoabsorbers 
with different band gaps on top of each other, which is called dual absorber tandem cell. A restriction 
concerning the band gaps of the applied semiconductor materials arises from the fact, that a part of 
the solar light must still be absorbable by the bottom layer to construct a working device.[58] 
Already 30 years ago, scientists tried to evaluate the maximum expectable efficiency of different 
PEC devices. Weber and Dignam calculated the theoretical conversion efficiencies of semiconductor 
photoelectrodes for solar water splitting.[59] They stated a maximum STH efficiency of approx. 12 % for 
   








2 H+ + 2 e-  H22 H2O  O2 + 4 H
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single absorber PEC devices. Construction of a p-n-junction PEC cell, where an n-type and a p-type 
semiconductor with a band gap of 1.4 eV are aligned side by side can theoretically improve the 
STH efficiency up to 16.6 % under AM 1.2 illumination. For an integrated tandem PEC device, the 
authors calculated possible STH efficiencies up to 22 %. Bolton and co-workers improved the 
assessment by taking into account a high loss of 1.0 eV per photon.[60] With this, they calculated 
maximum STH efficiencies of 12.7 % for single absorber PEC cells with a band gap of 2.23 eV and 21.6 % 
for a tandem PEC cell with absorbers having band gaps of 1.89 eV and 1.34 eV. The improvement for 
tandem cells can be attributed to the optimized absorption of the incident solar light due to 
combination of materials exhibiting different band gaps. Another theoretical approach from 2013 by 
the group of Nathan Lewis states a maximum STH efficiency of around 30 % when absorber materials 
with band gaps of 1.60 eV and 0.95 eV are used as photoanode and photocathode.[61] This already 
points out, that small band gap semiconductors like silicon would be very suitable for application in 
tandem PEC devices. 
In fact, silicon-based tandem cells in combination with various absorber materials have been 
studied intensively during the last years, but also perovskite-based tandem cells gained much 
interest.[62–69] The dependence of the maximum STH efficiency and the maximum photocurrent density 
of tandem devices is depicted in 
Figure 2.7. In PEC tandem cells, 
the photocurrent density is 
directly related to the rate of 
water splitting. Thus, improving 
the PEC performance of the single 
absorber materials can improve 
the tandem device. In many 
cases, improvement of the 
photoanode side for the 4-hole-
accumulation-process of OER is 
necessary. Typical shortcomings 
are a high overpotential, slow 
water oxidation kinetics, a low 
degree of light absorption or a 
low mobility of the photo-
generated charge carriers.[44] All 
of these points can be addressed to improve the photocurrent density of the photoanode. Prospects 
for improvement of the photocatalytic and photoelectrochemical performance of absorber materials 
will be discussed in chapter 2.2.3. 
 
 
Figure 2.7: Maximum theoretical STH efficiencies and photocurrent 
densities under solar irradiation correlated to the band gap of the 
applied photoanode material in combination with a photocathode 
exhibiting a band gap of < 1.5 eV; inset shows the band positions of 
the exemplary absorber materials with respect to the redox potentials 
for OER and HER in water (from Prévot et al.)[44] 
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2.2.2 Semiconductor Characteristics 
 
The energy bands of a semiconductor are based 
on the interaction of separate orbital levels of the 
individual atoms, which are periodically arranged. 
The resulting band structure depends on the 
contributing elements, their configuration and 
coordination.  
In a semiconductor, the highest occupied levels 
form the VB and the lowest unoccupied levels form 
the CB, both separated by a “forbidden” gap called 
band gap (Eg). Depending on the local density of 
states, different valence and conduction band structures can form. The band gap, which is the shortest 
distance between the occupied and the unoccupied states, can therefore be at the same wave vector 
k or show a k offset. Band gaps with Δk = 0 are called direct band gaps, whereas Δk ≠ 0 results in an 
indirect band gap. In Figure 2.8, the band structure of a direct and an indirect semiconductor are 
illustrated.  
For optoelectronic applications, direct semiconductors are preferred, as the excitation of electrons 
into the CB and their relaxation under photon emission is fast. Concerning photocatalysis, long-lived 
exited charge carriers are desirable, which is why indirect 
semiconductors are considered preferential. The energy level 
occupation of the valence band and the conduction band can be 
described by a Fermi Dirac function f(E), depending on the Fermi 
energy EF, the Boltzmann constant kB and the temperature T. The 
occupation probability of the energy levels by electrons f(E) is 
large for E < EF and decreases rapidly for E > EF. At the Fermi 
energy, the occupation probability becomes 0.5 by definition. For 
an ideal, undoped semiconductor, the Fermi energy is located in 










In non-ideal materials, doping occurs in form of impurity atoms or vacancies. This introduces 
electron acceptor or donor levels, which leads to p-type or n-type semiconductors. In case of donor 
doping, the Fermi energy depends on the number of donors in the system, i.e. the donor density ND. 
 




Figure 2.9: Fermi level positions in 
case of undoped, p-doped and 
n-doped semiconductor. 
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Novel donor levels are introduced by additional density of states from the impurity atoms. For 
n-doping, the donor levels are located just beneath the CB, marking the new position of the Fermi 
level. In case of p-doping, acceptor levels above the valence band are created, which locate the Fermi 
level position in p-type semiconductors. This is also shown in Figure 2.9.  
When a semiconductor is immersed into an electrolyte, a solid-liquid junction forms. Applying a 
potential to the system leads to the migration of majority charge carriers out of the interface region. 
The minority charge carriers, which are less mobile, are therefore accumulating in the junction region, 
creating a space charge (SC) region. The change in the concentration of majority carriers between the 
bulk and the solid-liquid interface causes a local difference in their energy levels, which is depicted as 
an upward bending of the CB in case of n-type semiconductors. The VB is behaving accordingly to 
maintain a constant difference between CB and VB. The band bending results from the charge q of the 
minority carriers and potential drop across the SC region ΔΦSC. In Figure 2.10, the connection between 
the SC region, its electrical field, the potential drop and the resulting band bending is shown. 
Depending on the amount of doping and the material itself, different sizes wSC of the SC region can be 
found. This can be described by equation (2.6). 
 
wsc = (







Here, ε0 is the vacuum permittivity and ε is the dielectric constant of the material. The SC region 
caused by the local potential drop attracts oppositely charged ions from the electrolyte to compensate 
the local charge at the solid interface. In concentrated electrolytes, this opposite charge is located 
outside the Helmholtz layer and can be taken as local capacity CSC. From this, the Mott Schottky 













For materials with low doping concentration (< 1024 m-³)[70], the potential drop ΔΦSC is assumed to 
only occur in the SC region, which is why absolute potential values U can be used. The flat band 
potential UFB is the electrode potential, where constant (flat) valence and conduction bands are 
present, as the electrical field in the semiconductor at the solid-liquid junction becomes zero. 
The surface, which is a crystal defect in the crystal lattice, breaks the periodicity of the bulk 
material, intrinsic states are introduced, which are called surface states.[71] For materials with a high 
number of surface states, charging can occur due to electron exchange between the semiconductor 
and the electrolyte. 
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 In case of extremely high number of surface states, this 
can lead to metal-like character causing Fermi level 
pinning.[72,73] This can also appear under illumination 
independently from the number of surface states, when 
minority charge carriers are heavily accumulated in the SC 
region due to slow transfer kinetics. The electron transfer from 
the depletion layer to the electrolyte is described by the 
Gärtner equation.[74] As it is not valid for slow electron transfer 
kinetics and does not consider charge carrier recombination in 
the SC region, it was extended by Reichmann[75] and El Guibaly 
and Colbow[76] to a more accurate but highly complex model. 
In small features such as nanoparticles, almost no 
electrical field is build up, leading to neglectable band bending. 
Therefore, also no defined SC region can be found. Thus, 
charge carrier transport is fully diffusion controlled. As the 
depletion force from the electrical field is missing, the overall 
carrier transfer is slowed down. A special case of 
nanostructuring are mesoporous systems, where the electric 
field can be either present or absent, depending on the feature 
size. This complicates their correct description.[71] 
As the band bending depends on the evolution of an electrical field within the solid, with 
mesoporous and nanostructured photoelectrodes the development of substantial band bending is not 
possible, thus leading to a fully diffusion controlled charge carrier transport. If the feature size would 
match or deceed the minority carrier diffusion length, recombination could be reduced. However, 
several aspects need to be considered. There is a linear dependence between the concentration of 
minority and majority charge carriers. In mesoporous semiconductors, the Fermi level diverges from 
the respective band (e.g. CB for n-type), which leads to lower majority carrier concentration. At certain 
critical sizes, equal concentrations of electrons and holes are found and recombination does not follow 
pseudo-first order kinetics anymore.[70] Furthermore, scattering and unfavorable minority carrier 
accumulation in multistep redox processes are not incorporated in state-of-the-art theoretical 
descriptions for macroscopic systems. Due to this, no adequate description for recombination 
processes in nanostructured semiconductors have been found yet.[70] 
In an illuminated semiconductor, the amount of e- and h+ can be described according to 
equations (2.8) and (2.9).[77] EF(e-) and EF(h+) are the quasi Fermi levels of photo-generated electrons 
and holes, and Ne and Nh are the respective densities of states. ECB and EVB are the conduction and the 
valence band energy.  
 
Figure 2.10: Schematic illustration of 
the interplay between space charge, 
electrical field, potential and band 
bending.[71] 
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In n-type semiconductors under dark conditions, majority carriers are responsible for the 
semiconductor electrode reaction, as the equilibrium density of the minority carriers is much smaller. 
Their potential-dependent accumulation leads to a dark current. Under illumination, an equal excess 
of photo-generated electrons and holes can be found. 
In Figure 2.11, the interplay of changing quasi Fermi 
levels and emerging overpotential in case of an n-type 
semiconductor with slow electron kinetics under external 
bias is shown. Then, photo-generated minority carriers 
reign the electrode reaction. In n-type semiconductors, the 
number of photo-generated electrons is still much smaller 
than the original number of electrons under dark 
conditions.[70] Therefore, the overall electron concentration 
does not change significantly. This is why EF(e-) remains 
close to EF for the dark equilibrium. In contrast, the photo-
generated holes drastically increase the hole density, thus 
shifting EF(h+) towards the valence band. When EF(h+) drops below the oxidation potential of the 
electron-donating species in solution, this creates a driving force for oxidation reactions like OER. This 








The diffusion of charge carriers to the surface of a semiconductor is limited by their effective 
masses, which depend on the crystal orbitals forming the band structure of the semiconductor. With 
narrow bands, the electrons and holes generated in those bands are highly localized (large Ei) and 
exhibit large effective masses according to the dispersion relation.[78–80] According to Brus[80], charge 
carriers can be treated as pseudo-particles having a quantum localization energy Ei, which is dependent 
on the effective mass m* of the charge carrier and the particle radius r. In a quantum-mechanical 
approach it can be described as 
 
 
Figure 2.11: Energy diagram of a biased 
n-type photoelectrode with Fermi level 
splitting.[70] 
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(2.11)[81] 
 
This takes into account the dielectric constant ε of the material and the reduced effective mass mr*, 
which is the sum of the effective mass of electrons (m*e) and holes (m*h). The experimental 
determination of effective masses was described by Kormann et al.[81] With the charge carrier 







the effective mass m* is connected to the charge q and the lifetime τL of the charge carriers. In 
combination with the charge carrier mobility, the mean free diffusion length L of charge carriers can 
be calculated. In an n-type semiconductor holes are the minority charge carriers and their diffusion 








Here, μh is the hole mobility and τh is the lifetime of the holes. The larger the effective mass, the 
smaller the mean free diffusion path to another lattice site. Desirably, the value for the minority carrier 
diffusion length would be in the range of the light penetration depth. 
Related to quantum localization energy Ei, this means, that the mean length of average diffusion 
without recombination is larger, when the bands comprising the respective crystal orbitals are more 
diffuse resulting in lower effective masses. The mean free diffusion path limits the charge separation 
efficiency and therefore also the expectable photoactivity. This relation is known as the photo-Dember 
effect, which determines the charge carrier transport if no external electric field is applied.[82,83] In the 
following chapter 2.2.3, possibilities to influence the photocatalytic activity will be discussed. 
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2.2.3 Influences on Photoactivity 
 
The main challenges for high efficiency photocatalyst materials are a broad light absorption, i.e. 
narrow band gaps, in combination with efficient charge carrier separation and transport to the 
semiconductor surface to prevent recombination.[84] Furthermore, charge transfer at the solid-liquid 
interface is a crucial step. Surface, electronic and bulk properties influence these critical processes.  
With band gaps and band positions showing major influence on the photoactivity, adjusting these 
parameters is one critical point. Band gap engineering is a widespread field.[13,41] For instance, doping 
with metal and non-metal atoms leads to tailored band gaps and band positions.[84] The VB maximum 
in metal oxide semiconductors can be shifted to more negative relative potentials by nitrogen doping. 
Introduction of transition metal ions can lead to new CB levels within a semiconductor, which can be 
more positive than the original CB levels, e.g. when doping TiO2 with transition metals Cu and Zn.[85] 
Besides, due to quantum confinement effect, also the crystallite size can influence the band positions, 
which is widely known for quantum dots like CdS or CdSe nanoparticles.[86] Furthermore, dye 
sensitization of UV-active photocatalysts can improve the overall photoactivity.[87]  
Another important factor is the number of crystal defects within a solid photocatalyst, which have 
different dimensional expansion. They act as recombination sites, lowering the photocatalytic activity. 
Common 0D defects, also called point defects, are vacancies or interstitials within the crystal lattice, 
while 1D defects are for example dislocations. Grain boundaries and the surface of a semiconductor 
represent 2D defects. In 3D expansion, inclusions, e.g. of by-phases, represent crystal defects. 
Therefore, uncontrolled formation of by-phases within a material can suppress its photocatalytic 
performance. As crystal defects are considered bulk properties, they can be influenced by thermal 
treatment. Thermal annealing can heal intrinsic crystal defects, leading to large monocrystalline 
areas.[88] 
Another way to improve the charge carrier separation is the specific formation of heterojunctions. 
In composite photocatalysts consisting of two semiconductors with suitable band positions, charge 
carriers can be transferred from the respective bands of component of one system to the other one. 
As this charge injection is very fast, electrons are accumulated in one semiconductor, while holes are 
transferred to the other one, leading to efficient charge carrier separation. A detailed description is 
provided in a review by R. Marschall.[25] 
In the following sections, prospects for improvement of the photocatalytic and 
photoelectrochemical performance by nanostructuring or application of co-catalysts and sacrificial 
agents will be given. 
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2.2.3.1 Nanostructuring 
 
Diffusion of photo-generated charge carriers to the electrode-electrolyte interface of a 
heterogeneous photocatalytic system is a crucial step, as most charge carriers exhibit diffusion lengths 
much smaller than the average film thickness or particle size of the photocatalyst. Especially in n-type 
oxide materials, photo-generated minority charge carriers (holes) exhibit mean diffusion lengths of 
only few nanometers before recombination in the bulk material occurs.[53] Nanostructuring can reduce 
the size of the semiconductor to the range of the mean free diffusion length of the charge carriers, 
thus reducing recombination.[89,90] In the optimum case, the particle size would be twice the dimension 
of the mean free diffusion length to allow charge carriers, which are generated in the center of the 
particle, to diffuse to the surface without recombination. For α-Fe2O3 photoanodes, it was already 
shown that nanostructuring can drastically improve the PEC performance.[91] Furthermore, small 
nanocrystals are often monocrystalline. With the absence of grain boundaries, recombination can be 
reduced even further.  
A variety of methods can be used to obtain semiconductor materials with features in the nanoscale 
regime. Generally, creation of nanosized materials can be achieved by top-down and bottom-up 
approaches.[92,93] Top-down synthesis starts with a macroscopic material, which is reduced in size, 
usually by mechanical force. One of the most popular top down methods is ball milling for nanoparticle 
synthesis, but also electron beam techniques or etching of macroscopic thin films can create nanosized 
features.[94–96] With bottom-up synthesis approaches, creation of nanoparticles starts from molecular, 
atomic or ionic precursors. By thermal or electrochemical activation, the precursors are degraded, 
forming new compounds of nanometer size. The mechanism of nanoparticle synthesis by nucleation 
and consecutive growth from solution has been described by LaMer in 1950 (see Figure 2.12).[97]  
 
Figure 2.12: LaMer diagram showing nanoparticle evolution during bottom-up synthesis. 
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At the beginning, the precursor is dissolved in the solution, which increases the overall 
concentration. At the saturation concentration csaturation, no spontaneous nucleation occurs, as this 
process would consume energy. Therefore, a higher critical concentration ccritical is necessary for 
formation of solid nuclei. When nucleation occurs, the precursor concentration in solution is lowered. 
Falling below the minimum nucleation concentration cmin stops the nucleation process, but 
nanoparticle growth is still possible due to an oversaturation in the solution. Here, larger particles grow 
on the cost of smaller particles, which dissolve again due to higher surface tension. This is known as 
Ostwald ripening.[98] When the precursor concentration in solution drops below csaturation, also particle 
growth stops and the final product is obtained. 
A number of synthesis techniques is based on this principle mechanism, such as 
electrodeposition[99], electrospinning,[100,101] sol-gel synthesis,[21,102] solvothermal approaches[103,104], 
co-precipitation[105] as well as solution-based microwave and high temperature synthesis.[26,27,106] By 
this means, a variety of morphologies from nanoparticles in different shapes to nanofibers[100,101] and 
nanorod arrays[107] can be designed. With bottom-up approaches targeted faceting is possible, where 
the most active facets for the desired reaction can be created, thus supporting the reaction 
course.[85-87]  
Furthermore, the generation of mesoporous materials can be achieved by various synthesis 
routes, e.g. hard templating[111–113], soft templating[114–119] or sintering of nanoparticular layers[120,121]. 
In hard templating, a rigid mesostructured scaffold is infiltrated with a precursor solution. After 
the formation of the desired compound, the hard template is removed by etching or heat treatment. 
Here, a partial destruction of the formed compound by aggressive etching or high temperatures 
opposes the incomplete removal of the template. Thus, the removal of the template is a crucial and 
the most complicated step in many hard-templating syntheses. Furthermore, with small pore features 
a complete infiltration with the precursor solution can be challenging.  
Using soft templating, in situ formation of the scaffold from micelles of the structure-directing 
agent occurs. As there is no rigid structure pre-defined, the precursor solution can encapsulate the soft 
template completely. As soft templates, ionic surfactants, organic matrices and polymers have been 
reported.[5,122,123] 
Soft templates used for solution-based synthesis of 
mesoporous compounds are amphiphilic with a polar head 
group and a larger non-polar tail. In polar solvents, at a 
certain concentration – the critical micelle concentration 
(CMC) – the molecules arrange their hydrophobic parts 
towards each other, which leads to the formation of micelles 
with a polar surface depicted in Figure 2.13. In this work, 
different polymers were used as soft templates, which are 
 
 
Figure 2.13: Schematic illustration of 
micelle formation. 
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listed in Table 3.4. The two most-used of these polymers are shown exemplarily, namely 
Pluronic® F127 (Figure 2.14a) and the poly(isobutylene)-b-poly(ethylene oxide) PIB3000 
(Figure 2.14b). Both are block-copolymers containing hydrophilic and hydrophobic units. For tri-block-
copolymers with polyethylene oxide (PEO) and polypropylene oxide (PPO) units, a variety of 
combinations is known. Their physical properties (viscosity, hydrophilicity, thermal stability) can be 
influenced by tailored choice of PEO and PPO units. This leads to the “Pluronic grid” of commercially 
available PEO-PPO block-copolymers, which is shown in Figure 2.14c.  
 
 
Figure 2.14: a) Pluronic F127, b) PIB3000, c) “Pluronic grid” illustrating the variation in composition of PEO-
PPO-PEO block-copolymers and their state of matter with a liquid phase (L, pale grey), a paste-like phase (P, 
grey) and a solid phase (F, dark grey) adapted from literature[124–126]. 
 
A precursor solution containing a block-copolymer or surfactant can be used for creation of porous 
thin films from homogeneous or colloidal solution by various coating application.[5,127] In this work, 
mostly sol-gel-based dip coating is used for generation of mesoporous metal oxide thin films, which is 
why this process will be discussed in more detail. Typically, a mixture of metal precursors dissolved in 
well-chosen solvents is mixed with a certain amount of surfactant. During dip coating, a solid substrate 
with a surface matching the wettability properties of the chosen solvent mixture is immersed in the 
precursor solution. For polar solvents, the surface should be polar to achieve sufficient wetting. Surface 
treatment prior to the dip coating can improve the wettability, e.g. by (electro-)chemical or plasma-
etching or ion sputtering.[128–130] The withdrawal speed and surrounding atmosphere determine the 
thickness of the thin film, leading to thinner films at slower withdrawal rates due to increased draining 
of the liquid film. During withdrawal of the wetted substrate from the precursor solution, the solvent 
starts to evaporate changing the concentration of the surfactant inside the liquid film. When the 
concentration reaches the CMC, micelles are formed within the liquid film and start to assemble, which 
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is called evaporation induced self-assembly (EISA).[131,132] The metal precursors fill the spacing between 
the assembled micelles, which determines the arrangement of pores in the resulting gel. Depending 
on the speed of solvent removal, which is influenced by the saturation of the surrounding atmosphere, 
an ordered or irregular packing of the polymer micelles can occur.  
Furthermore, the mechanism of solid compound formation has to be taken into account. In this 
work, the most prominent synthesis approach for porous thin films is based on a sol-gel mechanism. 
Here, metal precursors are dissolved in a polar solvent to generate solvated metal ions. These solvated 
metal ions react with traces of water present in the mixture, which is called hydrolysis.[133] 
 
 M(OR)n + H2O  M(OH)(OR)n-1 + ROH (2.14) 
 
Hydrolysis can proceed, leading to stepwise exchange of the original ligands with OH-groups. This 
process is followed by condensation of the hydrolyzed metal ions forming metal-oxygen-metal 
bonds.[133]  
 
 2    ̶M-OH     ̶M-O-M  ̶  + H2O (2.15) 
  ̶ M-OH +  RO-M  ̶     ̶M-O-M  ̶  + ROH (2.16) 
 
This includes the elimination of either water (dehydration, equation (2.15) or alcohol 
(dealcoholation, equation (2.16) molecules.[133] After dehydration, the released water molecules can 
lead to hydrolysis of additional precursor. By this means, a colloidal dispersion of partially condensed 
metal oxide clusters is created, which is called sol. With ongoing condensation, also called syneresis or 
aging, a three-dimensional network of metal oxide/metal hydroxide clusters is formed, which is much 
more rigid than the dispersed single clusters. This non-fluid network within a still present liquid phase 
is called gel.[134] In 1996, Kakihana et al. defined five types of gels, which are formed by sol-gel synthesis 
of materials, i.e. colloidal gels, metal-oxane polymer gels, metal complex gels and two types of polymer 
complex gels.[133,134] These gel-types differ in the nature of their building blocks and bonding types, but 
all yield a homogeneous, metal-containing precursor for synthesis of metal oxide compounds. In 
comparison to many other reaction techniques, this solution-based approach offers metal precursor 
mixing on an atomic level, which is very important for generation of ternary oxides.[133,134] The gel is 
dried to remove the remaining solvent, forming a xerogel or aerogel. In the final step, the metal-
hydroxide groups are removed by calcination, which leads to a crystalline metal oxide compound.[134] 
Lately, research focusses on the synthesis of mesoporous solid compounds, as mesopores 
(2 – 50 nm) combine the advantages of a high surface area and well-accessible pores. Here, silica has 
been well-investigated in terms of ordered and non-ordered mesopores. Starting from common 
alcoxide precursors like tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS), the 
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hydrolysis and condensation in the presence of structure-directing surfactants leads to highly porous 
materials with defined pore sizes and a narrow pore size distribution. By variation of the surfactant or 
block-copolymer concentration, tailoring of the pore morphology is possible. Hereby, ordered 
micropores (zeolithes) and mesopores of 2D hexagonal (MCM-41, SBA-15) or cubic gyroid (KIT-6) shape 
can be created.[135,136] These mesoporous silica compounds can be used as hard template to generate 
mesoporous structures from other compounds, e.g. mesoporous carbon.[137,138] Besides, a variety of 
other mesoporous metal oxides has been synthesized by template-tailored approaches for utilization 
in catalysis, drug delivery, or energy storage, e.g. WO3, TiO2, Ta2O5, CsTaWO6, ZrO2, ZnO, α-Fe2O3 and 
others.[112,118,137,139–141] In comparison with nanoparticle systems, mesoporous materials do not suffer 
from agglomeration effects and therefore maintain a large accessible surface area, which is a crucial 
parameter in surface-dependent photocatalytic and photoelectrochemical processes.  
In terms of porous compounds for various applications, a differentiation between ordered and 
non-ordered porosity has emerged. A multiplicity of silica compounds with ordered porosity has been 
reported over the years, being the most prominent material class of ordered porous compounds.[135,142] 
Besides, many other materials with ordered pores have been developed for catalytic and 
photocatalytic applications.[137,143,144] Due to homogeneous pore size and pore walls thickness, ordered 
porosity leads to excellent model systems for development or validation of theoretical predictions and 
novel analysis techniques.[123,145] But not only pore ordering, but also interconnectivity and accessibility 
of the pores is important for the reactivity of porous compounds as pore blocking can occur. 
From the application point of view, systematic comparison of ordered and non-ordered porous 
systems is scarce. In a study by Limnell et al., mesoporous silica were loaded with a poorly soluble 
model drug to investigate the influence of pore ordering on the drug release properties of a 
material.[146] Here, the ordered MCM-41 was compared to the non-ordered Syloid® 244. The authors 
report faster drug release from non-ordered mesoporous silica, which they accounted to the larger 
pore size and smaller particle size of Syloid® 244. With MCM-41, similar values for drug release were 
achieved when a more sophisticated drug loading process was applied. 
Lately, non-ordered, hierarchical pore structures have gained attention as they combine the large 
surface area of the smaller pores, which are well accessible via larger pores allowing effective mass 
transport. This has been shown to effectively improve the performance in catalysis and 
photocatalysis.[147,148] 
To summarize, the tailored design of nanosized photocatalysts by choice of synthesis technique 
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2.2.3.2 Co-Catalysts  
 
Decoration of the photoactive semiconductors with so-called co-catalysts can increase the overall 
performance, too. Co-catalysts are additional compounds deposited on the surface of the actual 
photocatalyst, which are able to collect and accumulate charge carriers. Furthermore, they can show 
lower overpotentials for gas evolution reactions, which further supports the reaction course. 
Co-catalysts can be metals (e.g. Au, Rh)[90,149], transition metals oxides (e.g. RuO2, IrO2)[150] or 
amorphous metal-based compounds, (e.g. Co-Pi, CoO(OH)x)[151,152]. Also, complex morphologies and 
combination of different materials for reaction support is possible, e.g. core-shell structures.[16] In case 
of metal co-catalysts on semiconductor photocatalysts, a Schottky contact is generated inducing 
charge carrier migration. As metal co-catalysts usually exhibit lower Fermi energies than the absorber 
materials on which they are deposited, an efficient electron transfer from the CB of the semiconductor 
towards the metal sites is possible.[25,153]  
Therefore, the metal co-
catalyst becomes the active center 
for reduction processes, e.g. 
proton reduction (Figure 2.15 
left). Furthermore, the metal sites 
can act as recombination centers 
for hydrogen atoms (H•), which 
were created by proton reduction 
at the semiconductor surface (Figure 2.15 right) as proposed by Joo and co-workers.[154] At the same 
time, charge carrier recombination is suppressed. By performing electrocatalytic reactions, the 
co-catalyst supports the overall reaction course. As electrocatalytic reactions occur at longer time 
scales compared to pure photochemical processes, also complex reactions with multiple electron 
transfer steps can be performed, such as HER or OER.[155] There are various methods for deposition of 
co-catalysts onto a photocatalyst surface, e.g. co-precipitation, thermal deposition or impregnation. 
An effective method for deposition of co-catalysts is the in situ growth initiated by light excitation. This 
is called photodeposition and has found widespread application, e.g. for deposition of Pt on TiO2[156], 
CoPi on TiO2[152] or Pt on CaFe2O4[157]. By this approach, the deposition occurs at the active sites of the 
photocatalyst and small, well-distributed co-catalyst particles are created.[158] The optimum amount of 
co-catalyst for enhanced photoactivity depends on the type of co-catalyst, its particle size and the 
quality of co-catalyst/photocatalyst contact.[159,160] In a systematic study, Fu et al. reported the 
enhancement of the photoactivity depending on the metal type of the co-catalyst deposited on 
TiO2.[160] Here, Pt on TiO2 showed the largest enhancement, which was attributed to the large work 
function of Pt increasing the Schottky barrier effect. 
 
Figure 2.15: Mechanisms of hydrogen evolution on a semiconductor 
surface decorated with HER-co-catalysts acting as electron trap (left) 
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2.2.3.3 Sacrificial Agents 
 
By addition of substances with suitable redox potentials and fast redox kinetics, recombination of 
charge carriers can be suppressed by fast electron exchange with the redox agent. Furthermore, the 
endergonic process of overall water splitting can be transformed into an exergonic process. These 
substances are called sacrificial agents. In case of water splitting, depending on the nature of the 
sacrificial agent (electron donor or acceptor) either the evolution of O2 or H2 can be eliminated. 
Therefore, the back reaction to water is suppressed, which further increases the yield of gas evolution. 
For absorber materials with band positions enclosing the HER and OER redox potentials, the choice of 
sacrificial agent can drive only one half-reaction selectively on the same material. In combination with 
a two-compartment reactor setup, both half-reactions can be driven in the same system spatially 
separated by a cation exchange membrane. Multiple designs were reported in literature.[142,156,161] By 
this, the complex separation of the H2/O2 gas mixture evolving during photocatalytic water splitting 
can be avoided.  
For the OER, electron acceptors like metal cations (Ag+, Fe3+), sodium iodate (NaIO3) or sodium 
persulfate (Na2S2O8) have been reported.[156,162] A majority of studies reports AgNO3 as the sacrificial 
agent for water oxidation.[163,164] One issue, which needs to be addressed when using AgNO3 is the 
formation of elemental silver simultaneously to the OER, as shown in equation (2.17. 
 
E° = 0.80 VSHE Ag++ e‐→ Ag  (2.17) 
 
The formation of elemental silver on the semiconductor surface changes the optical and catalytic 
properties of the system and therefore affects the analyzed process.[165] To avoid this impact, 
alternative sacrificial agents should be used, e.g. S2O82- or NO.[79,165]  
Another widely used sacrificial agent is sodium sulfite (Na2SO3) with a redox potential of SO32-/SO42- 
of - 0.11 VRHE[71], which is more negative than the standard reduction potential for HER (0 VRHE). 
Therefore, the proton reduction from water molecules becomes an exergonic photocatalytic process 
(0 < ΔRG°) in the presence of SO32-. The oxidation of SO32- is shown in equation (2.18.[166] 
 
E° = - 0.11 VRHE SO3
2‐ + H2O 
hν
→  SO4
2‐ + 2H+ + 2e‐ 
 (2.18) 
 
In combination with proton reduction, the overall reaction is: 
 
 SO3
2‐ + H2O 
hν
→  SO4
2‐ + H2 
 (2.19) 
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Similar to electron-donating species, with electron-accepting sacrificial agents the OER 
half-reaction turns exergonic.[71] Another prominent sacrificial agent is methanol (MeOH).[167] By fast 
insertion of an electron into the VB of the semiconductor, MeOH is photo-oxidized and the -hydroxy-
methyl radical is created (equation (2.20)).[168]  
 
E° = 1.20 VSHE[169] CH3OH + h
+ → •CH2OH + H
+  (2.20) 
 
The -hydroxy-methyl radical has a very cathodic electrochemical potential, thus injecting a 
second electron into the CB according to equation (2.21). This effect is known as photocurrent 
doubling.[168]  
 
E° = -0.95 VSHE[170] •CH2OH → CH2O + H
+ + e−  (2.21) 
 
Formaldehyde can be further decomposed to formic acid and CO2, subsequently, which means 
complete mineralization of the sacrificial agent. The consecutive steps for methanol mineralization are 
shown in equations (2.22) to (2.24).[170] 
 
ΔRG° = 64.1 kJ mol-1 CH3OH
hν
→  CH2O + H2 
 (2.22) 
ΔRG° = 87.8 kJ mol-1 CH2O + H2O
hν
→  HCOOH + H2 
 (2.23) 
ΔRG° = -95.8 kJ mol-1 HCOOH 
hν
→  CO2 + H2 
 (2.24) 
 
The third reaction step, having a negative Gibbs free energy, prevents the evolved H2 from 
undergoing undesired back reactions.[165]  
The overall process for photocatalytic hydrogen generation in the presence of MeOH would be  
 
 CH3OH + H2O → CO2 + 3 H2  (2.25) 
 
with a Gibbs free energy of ΔRG° = 16.1 kJ mol−1.[168] This is much smaller than the Gibbs free energy 
for overall water splitting (ΔRG° = 237 kJ mol−1)[54], which means a lower energy barrier for H2 
generation and the HER is highly promoted due to the presence of methanol as sacrificial agent. By 
now, a variety of alternative sacrificial agents for the hydrogen evolution half-reaction has been 
explored, e.g. different alcohols, amines, carboxylic acids or glucose.[160,165,171] They show different 
oxidation potentials for their decomposition as exemplarily shown in Figure 2.16.  
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With bio-available organic 
sacrificial agents, a nearly 
carbon-neutral process is 
possible due to the recon-
version of the released CO2 
into the sacrificial agent by 
photosynthesis, increasing 
the sustainability of the 
photocatalytic process.[159,172]  
The use of sacrificial agents helps to estimate the ability for light-driven water reduction or 
oxidation, respectively. On the other hand, the ability to perform OER and HER in the presence of 
sacrificial agents does not guarantee successful overall water splitting without sacrificial agents.[173] In 
the following chapter, possibilities for characterization of the photocatalyst performance in the 
presence and absence of sacrificial agents will be discussed. 
 
 
2.2.4 Characterization of the Photocatalyst Performance 
 
The suitability of a semiconductor material for photocatalytic and photoelectrochemical 
applications can be evaluated by different techniques and analytical parameters. Basic 
characterization of the flat band potential UFB and the donor density ND is possible by detection of the 
capacitance in relation to an externally applied potential and application of the Mott Schottky equation 
(equation (2.7)). Several photoelectrochemical methods have been developed during the past 
decades, such as photocurrent measurements with detection of the overall current under dark and 
illuminated conditions while a defined potential range is scanned, or the determination of the incident 
photon to current conversion efficiency (IPCE), where at a constant potential, the wavelength 
dependent photocurrent is measured. The principles of these techniques will be discussed here.  
 
    
Figure 2.16: Oxidation potentials for different organic sacrificial agents in 
regard to the redox potentials for the water splitting half reactions.[159] 
Bulk lifetimes for minority carriers are usually very short (picoseconds for polycrystalline 
materials).[70] With short minority carrier lifetimes, the minority carriers have only short diffusion paths 
before recombination in the bulk takes place. When charge carriers recombine within the SC region 
before they interact with electron-donating species from the solution, a non-ideal shape of the 
photocurrent is found with a delayed onset as shown in Figure 2.17 (see also Figure 2.18). A high 
recombination rate within the SC region leads to a shift of the onset potential compared to the flat 
band potential obtained by Mott Schottky measurement.  
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Typically, the relaxation time of 
minority carriers in an n-type semi-
conductors is around one nano-
second. For water splitting, large 
energy barriers for the multistep 
process lead to much higher 
relaxation times (milliseconds to 
seconds).[70] When intermittent light 
is used, transient effects can reveal if 
the electron transfer from the 
electrolyte is slow. The measured 
photocurrent depends on the charging current Jcharge, the recombination current Jrec and the charge 





In case of an n-type semiconductor, the photocurrent is governed by hole transport and transfer 
processes. When the illumination starts, the number of holes at the surface hsurf is still low, which is 
why no recombination occurs. Due to slow electron transfer from the solution into the bulk Jtr has also 
not build up. This is why the initial photocurrent is determined by Jcharge, which results from SC charging 
due to hole accumulation in free and also trapped states. With increasing hsurf, Jrec and Jtr increase, too. 
This changes CSC and manifests in “spikes” with exponential decay until a steady state is reached, where 
the rate of holes diffusing into the SC region is in equilibrium with the rate of recombination and charge 
transfer into the electrolyte. The shape of such a transient photocurrent response is shown in 
Figure 2.18 in the right. 
 
Figure 2.17: Shape of photocurrent curves under ideal 
conditions and with recombination in the SC layer (from S. 
Giménez et al.).[71] 
Figure 2.18: Current flowing at the semiconductor-electrolyte interface during illumination (left) and resulting 
transient photocurrent response (from Giménez et al.).[71] 
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The currents flowing due to recombination (Jrec) and interfacial transfer (Jtr) are in equilibrium. They 
both proceed at the surface and depend on the concentration of holes near the surface hsurf. They can 
be described according to equations (2.26) and (2.27). 
 
Jtr = q ktr hsurf (2.26) 
Jrec = q krec hsurf (2.27) 
 
The rate constants for transfer and recombination reaction (ktr and krec) follow (pseudo) first-order 
kinetics. They determine the steady state photocurrent JS and the initial photocurrent J0. The 










As the number of electrons at the surface depends on the band bending, with increasing bias the 
recombination decreases, leading to a higher steady state current. Theoretically, from transient 
photocurrent responses the rate constants for charge transfer and recombination can be calculated. 
Because side-effects during intermittent illumination can affect the practical measurement, 
intensity-modulated measurements on a DC current are recommended to obtain reliable values for ktr 
and krec.[70] Based on the Gärtner equation, the ideal external quantum efficiency (EQE), also known as 















This takes into account the total electron amount generated by all incident photons, allowing an 
estimation of the maximum efficiency, which is possible under certain illumination conditions. As can 
be seen from equation (2.29), the IPCE depends on the incident photon flux I0, the absorption 
coefficient α, the minority carrier diffusion length L, the power of the light source Pλ and the 
wavelength λ. Minority carrier diffusion is usually dependent on the efficiency of removing the majority 
carriers from the system. If the electron transfer is too slow, both charge carrier transfer and 
recombination compete in the space charge region. For complex multistep reactions, where charge 
carrier accumulation is necessary (e.g. HER and OER), recombination is the limiting factor for high IPCE. 
Sacrificial agents (compare chapter 2.2.3.3) can be applied during IPCE measurements, which leads to 
a decreased recombination of charge carriers at the semiconductor surface due to a faster reaction 
course of the sacrificial agent compared to water molecules. Therefore, the overall detectable 
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photocurrent increases, which leads to higher IPCE values. This approach is used in 
photoelectrochemistry to identify the impact of hole accumulation and surface recombination on the 
PEC performance of absorber materials. 
Furthermore, photocatalytic degradation of model compounds is a very common method for 
nanoparticle samples. Here, colored compounds like methylene blue or rhodamine B have been 
reported frequently, but also colorless systems like 4-chlorophenol are established model 
compounds.[174–176] As the interactions between photocatalysts and model compounds influence the 
determined activity, it is advisable to perform more than one test reaction for assessment of the light-
induced activity of absorber materials. 
With colored model compounds, several issues need to be considered, such as the overlap in 
absorption of the model compound and the photocatalyst or electrostatic interaction.[177] When using 
colored systems for degradation experiments under simulated solar light, a light-induced 
decomposition of the colorant can occur independently from photocatalytic processes. This is why 
reference experiments in the absence of the photocatalyst should be performed when colored 
compounds are photocatalytically degraded. Furthermore, most model compounds tend to adsorb on 
the photocatalyst surface, which is why an equilibration period in the dark should be preceded before 
the actual decomposition experiments. Besides, partial decomposition can already lead to a 
discoloration although a complete decomposition to CO2 (mineralization) has not been achieved. 
Additional analysis techniques should support the optical detection to determine the degree of 
mineralization. The same principle applies to the degradation of model compounds under high energy 
UV light. Therefore, the activity of photocatalysts under visible light irradiation is recommended to be 
tested with model compounds, which do not absorb visible light, e.g. dichloroacetic acid.[177] At the 
moment, there are only few standardized methods for determination of the photocatalytic activity. 
The ISO 10678:2010 test standard is based on the decomposition of methylene blue, which is not 
advisable as sole test reaction as discussed above.[178] Nevertheless, the proposed values for model 
compound concentration and reactor setup can be used as guideline for the development of more 
suitable test reactions, as all these parameters influence the reaction course of model compound 
degradation as well. Furthermore, depending on the morphology of the photocatalyst and its applied 
amount, light scattering inside the reactor vessel can vary. To determine the efficiency of degradation 
experiments and allow comparison between different absorber materials, a reference value needs to 
be defined. For photocatalysis, the number of incident photons can be compared to the number of 
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The number of incident photons is highly dependent on the illuminated area A, the rate constant k, 
the initial dye concentration c0, and the volume of the reactor V. Therefore, the photon flux I0 needs 
to be separately determined for every experimental setup and each light source due to changing light 
intensity Φ.  
 
 I0 = 
Φ ∙ λ




Here, several methods for actinometric analysis are known. For solid systems (e.g. solar cells), 
physical actinometers can be applied such as thermopiles, bolometers or photodiodes.[179] For 
experiments in solution, chemical actinometers are more suitable. These need to exhibit a known 
quantum yield, a decomposition behavior directly proportional to the amount of incident photons and 
the decomposition products must be easily quantifiable.[179] Since the development of chemical 
actinometry in 1825 by John Herschel, several compounds have been used, e.g. leucocyanides, uranyl 
oxalate, vanadium iron oxalate or malachite green, but as they are either toxic or already react in the 
dark, their application is rather complicated.[179] Nowadays, ferrioxalate is the most common chemical 
actinometer and is recommended by the International Union of Pure and Applied Chemistry 
(IUPAC).[180] Its decomposition can be followed by complexation with phenantroline. 
 
 
2.3 Photoactive Materials 
2.3.1 Non-Noble Transition Metal Absorber Materials 
 
Since the first light-driven water splitting was reported, many years have passed, in which a strong 
interest in light-active semiconductors has developed. A very prominent photoactive semiconductor is 
titanium dioxide (TiO2), which shows many modifications, of which the most prominent are rutile, 
anatase and brookite having slightly different band gaps and band positions.[181] TiO2 was already used 
in the first photoelectrochemical cell reported by Fujishima and Honda.[56] Since then, intensive 
research on the photocatalytic properties of single-phase TiO2[182], multi-phase TiO2[183] and TiO2-based 
composites[184] has been performed. Also, nanostructuring[121,185], application of co-catalysts[186], metal 
and non-metal doping[85,187,188] have been studied. Although TiO2 has been investigated intensively, its 
application for highly efficient solar water splitting is questionable because of its large band gap, 
reducing the amount of absorbable light from the solar spectrum. In addition, WO3 was investigated 
as alternative material due to its non-toxicity, high chemical stability under acidic conditions and strong 
oxidizing power of its photogenerated holes.[189,190] It exhibits a band gap of 2.5 – 2.8 eV[189], which is 
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still quite large. Therefore, photocatalytic application is only possible under UV light and near-visible 
light illumination, which limits the application and solar light irradiation as well. Furthermore, no H2 
generation is possible with WO3 without bias. Other well-investigated semiconductor systems are Cd-
based chalcogenides. Here, studies especially focused on colloidal stability and faceting. A large variety 
of nanoparticle shapes and sizes, as well as core-shell structures and advanced hetero structures have 
been reported.[191–194] The adjustability of the band gap due to the quantum size effect offers the 
possibility of tailor-made semiconductor systems. Furthermore, non-spherical and core-shell systems 
show more than one excitation maximum, making those systems also interesting for imaging and 
sensing applications. Despite the variety of accessible modifications, Cd-based materials are 
considered as harmful for health and environment and incur strong photocorrosion. Consequently, a 
widespread application of cadmium chalcogenides for solar water splitting is highly unlikely. 
Another compound of interest is BiVO4 with a band gap in the visible light regime and suitable band 
positions for OER (see Figure 2.19). Already 20 years ago, it was reported as potential candidate for 
photocatalytic OER.[164] Just recently, there was a revival for BiVO4 in the materials scientist community, 
as it is considered a highly promising photoanode material. Many studies showed that modification of 
the pure BiVO4 material is needed for significant activity. The application in heterojunction and 
composite materials[68,195–198], doping[199], electrochemical treatment[200] and decoration with co-
catalysts[201] or passivating surface layers[202] was reported to improve the performance in 
photoelectrochemical and photocatalytic water splitting experiments. A study of Zachäus et al. 




Figure 2.19: Band positions of various metal oxide semiconductors in relation to the redox potentials for water 
splitting (adapted from K. Sivula & R. van de Krol).[204] 
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In Figure 2.19, the band positions of different metal oxide semiconductor materials are shown. 
Most semiconductors show only small overpotentials for hydrogen evolution reaction (HER), which 
would require additional bias under real reaction conditions. Some materials, such as WO3 or α-Fe2O3 
are only suitable for oxygen evolution reaction (OER) without external bias. In contrast to TiO2 or WO3, 
some metal oxide semiconductors, especially ternary systems, show smaller band gaps giving rise to 
visible light activity. Here, TaON, LaTiO2N, CuNbO4 and CaFe2O4 show matching band positions for 
overall water splitting. Non-metal nitrogen doping in TaON and LaTiO2N introduced additional N 2p 
orbitals, shifting the valence band potentials to more negative values. This is an example of classical 
band gap engineering as discussed in chapter 2.2.3. 
As the number of small band gap semiconductors already considered for solar water splitting is still 
limited, materials research is focusing on the discovery of novel suitable compounds. Furthermore, as 
ideal band positions for overall water splitting are rare, the interest in tandem devices covering both, 
OER and HER, has increased, as already discussed in chapter 2.2.1. Due to abundant elemental 
resources and low toxicity, iron-based materials have gained more and more attention during the past 
years in terms of photocatalytic applications. Already in Figure 2.19, the suitable orbital configurations 
of α-Fe2O3 and ZnFe2O4 for OER and for overall water splitting in case of CaFe2O4 is displayed. In the 




2.3.2 Iron Oxide Semiconductors as Photocatalysts 
 
In the elementary form, Fe 
has 3d64s2 electron configuration. 
At its most common oxidation 
states of +2 and +3, a d6 or d5 
configuration is the result. In 
many iron oxide materials, an 
octahedral coordination of 
oxygen around the iron ion is 
found, e.g. in hematite (α-Fe2O3), 
maghemite (γ-Fe2O3) and goethite (α-FeOOH). In some cases, also tetrahedral coordination can be 
found, e.g. in magnetite (Fe3O4, spinel-type). In Figure 2.20, the preferred ligand field splitting of 
octahedral and tetrahedral complexes of Fe2+ or Fe3+ is shown. 
During the past 20 years, mostly α-Fe2O3 was discussed as photoactive material and potential 
candidate for solar water splitting due to its small band gap and non-toxic, low cost precursor 
 
Figure 2.20: Ligand field splitting of Fe2+ and Fe3+ 3d orbitals. 
2.3 Theoretical Background − Photoactive Materials 
 
ꟾꟾ  34 
materials.[53] Hematite has been tested for many applications e.g., photocatalytic pollutant 
degradation, sensing, energy storage or in tandem cells. [65,205–209] 
However, several properties of α-Fe2O3 limit its photocatalytic performance. Morin et al. and 
Bosman et al. found a low charge carrier mobility in α-Fe2O3.[210,211] Cherepy and co-workers reported 
very short diffusion pathways and lifetimes for α- and γ-Fe2O3.[212] Furthermore, strong Fermi level 
pinning and passivation of the surface states combined with an unfavorable hole accumulation 
decrease the efficiency of α-Fe2O3 photocatalyst.[53,213] Therefore, single-compound α-Fe2O3 devices are 
widely seen as unsuitable for solar water splitting. Nevertheless, a suitable combination with other 
materials in order to form heterojunctions or its application as sensitizer is still investigated.[151,214] 
Recently, other iron oxide compounds called ferrites (MFe2O4) have gained interest in the 
photocatalysis community and will be discussed in the following chapter.[17,18] 
 
 
Generally, ferrites with the chemical 
formula MFe2O4 (M = bivalent metal cation) 
can be divided into two classes: spinel-type 
ferrites with a cubic structure, where the 
oxygen atoms are packed in a cubic closed 
package (ccp) and the metal ions occupying 
tetrahedral and octahedral sites, and non-
spinel type ferrites, which can have various 
geometries, e.g. tetragonal[21] or ortho-
rhombic[22,157]. Both types show narrow band 
gaps < 2.2 eV, which makes them visible light 
active semiconductors.[18] The general 
structure of cubic and orthorhombic spinel 
ferrites is shown in Figure 2.21. For cubic spinel 
ferrites, the space group Oh7 (Fd3m) describes the crystal structure.[215,216] Due to electroneutrality, 
⅛ of all tetrahedral sites and ½ of all octahedral sites are filled. As Fe3+ has a d5 configuration and higher 
oxidation state, it favors octahedral coordination, which is why in a normal spinel, the Fe3+ occupy half 
of the octahedral sites and M2+ are located in the tetrahedral sites ([M]T[Fe2]OO4). In some cases, an 
inversed filling of ¼ of the octahedral sites with M2+ ions occurs, leading to Fe3+ ions in tetrahedral 
coordination ([Fe]T[M]O[Fe]OO4). These spinels are called inverse spinels. Most spinels show either 
mainly normal character or mainly inverse character. For ferrites, the degree of inversion δ is defined 




Figure 2.21: Structure of (a) normal spinel, (b) inverse 
spinel and (c) orthorhombic ferrites.[18] 
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as the amount of Fe3+ located in tetrahedral coordination and described as (M1-δFeδ)T(MδFe2-δ)OO4.[217] 
For Zn2+, a normal spinel structure was reported in combination with Fe3+ (δ ≈ 0), while other ions like 
Ni2+ or Co2+ tend to form inverse spinels (δ ≈ 1). There are several factors, which influence the degree 
of inversion, namely the radii quotient (rcation/ranion), the Madelung constant and the ligand-field 
splitting energy. The ligand field splitting energy in tetrahedral geometry is smaller than for octahedral 
configuration (ΔT ≈ 4/9 ΔO). Ions with d10 or d5 configuration (e.g. Zn2+, Fe3+) have equal energies for 
tetrahedral and octahedral ligand fields. In the case of iron-based cubic spinels, a normal spinel is found 
when the M2+ has either d5 or d10, and to an inverse spinel if the M2+ has another d-orbital 
configuration. For bulk ZnFe2O4, this predicts a normal spinel structure, which was also reported in 
literature.[218] Furthermore, partial inversion (0 < δ < 1) is possible and reported for MnFe2O4, MgFe2O4 
and nanosized ZnFe2O4, which becomes partly inverse due to increasing disorder and number of 
oxygen vacancies in the nanoparticle.[218] The degree of inversion in spinel ferrites can be influenced 
by choice of synthesis method, precursor components or post-synthetic annealing treatment.[217–219] 
A special feature of ferrites is their magnetic behavior resulting from Fe3+ ions in different ligand 
field splitting. In partially inverse spinels, the number of spin up Fe3+ on octahedral sites and spin down 
Fe3+ on tetrahedral sites is not equal, leading to ferromagnetic behavior. This makes ferrites also 
interesting for applications in medicine and microelectronics.[220] When ferrites appear in nanosize, 
also superparamagnetic behavior is observed, as the particle size is in the range of the Weiss domains 
(≈ 10-14 m³).[218,219,221,222] This leads to a magnetic response also in ferrite materials, which do not show 
magnetic behavior in the bulk material.[219]  
For decades, ferrite materials 
were investigated for their 
magnetic properties due to 
crystal field splitting (compare 
Figure 2.20). Just recently, they 
were also considered as 
photoactive materials, as they 
show small band gaps, which are 
dependent on the metal cation M 
within the compound.[18,223] 
Consulting different literature 
sources, various sometimes even contradictory reports can be found for the band positions and 
semiconducting nature of MgFe2O4 and ZnFe2O4.[17,18] For ZnFe2O4, variations up to 1 eV between 
different reports can be found, which is also visible from Figure 2.22. 
ZnFe2O4, MgFe2O4 and CaFe2O4 consist of non-toxic, cheap and earth-abundant elements, which 
makes them interesting for multiple commercial applications. For years, they have been investigated 
 
Figure 2.22: Band positions reported for different ferrite 
compounds.[18] 
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in terms of biomedical applications[224,225], electrical devices[226], high-density information storage[227], 
catalysis[228], sensing[205,229] and energy storage[206,230,231]. Due to their band gaps in the visible light 
regime (1.9 eV – 2.0 eV)[2,3,32], corresponding to a theoretical STH conversion efficiency of around 
20 % (compare Figure 2.4)[30,232] , they have been in the focus of photocatalytic and 
photoelectrochemical research lately, especially with respect to photoelectrochemical water 
splitting.[17,18] 
The photocatalytic properties of bare and surface-functionalized MgFe2O4 and ZnFe2O4 
nanoparticles have been reported for photocatalytic pollutant degradation of dyes (e.g. methylene 
blue, rhodamine B, crystal violet)[233–236], organic compounds (e.g. 4-chlorophenol, acid orange)[119,176] 
and heavy metal ions[237] under illumination with UV or visible light. However, studies on the 
photocatalytic performance of stable aqueous colloids linked to the nature of the surfactant had not 
been reported at the beginning of the thesis work. 
Besides, ZnFe2O4, MgFe2O4 and CaFe2O4 have been applied for PEC water splitting, but most reports 
are based on heterostructures of these ferrites combined with other semiconductor materials for 
photocatalytic and photoelectrochemical application. Here, porous thin films structures showed 
promising PEC performance. For example, Tingting et al.[238] prepared highly ordered, inverse-opal-
based nanostructure of ZnO/ZnFe2O4, and She and co-workers[196] synthesized ZnO nanorod films 
decorated with BiVO4/ZnFe2O4, to highlight some recent ZnFe2O4-based porous thin film approaches. 
Additionally, research on various p-n-heterojunction photoanodes containing CaFe2O4 has been 
performed lately, e.g. CaFe2O4/ZnFe2O4[2], CaFe2O4/TaON[239] and CaFe2O4/BiVO4[195] and 
CaFe2O4/α-Fe2O3[151]. For CaFe2O4/BiVO4 it was possible to demonstrate that the p-n-heterojunction 
formation reduces charge carrier recombination on the electrode surface, while the charge carrier 
recombination within the bulk material remains unchanged.[195] 
Investigations of single-phase ZnFe2O4, MgFe2O4 and CaFe2O4 thin films are still limited. A variety 
of sometimes quite expensive techniques has been explored for synthesis of phase-pure ZnFe2O4. 
These extend from synthesis of 3 µm ZnFe2O4 films by Tahir et al.[240] and below 500 nm thick porous 
ZnFe2O4 films by Peeters et al.[31], which were both synthesized using chemical vapor deposition (CVD), 
to high performing ZnFe2O4 nanorod arrays obtained after post-synthetic microwave-annealing and H2 
reduction treatment by Kim et al.[107,232], and only 70 nm thick, dense ZnFe2O4 thin films obtained by 
Hufnagel et al.[30] via atomic layer deposition.  
Already in 1987, Matsumoto et al.[241] described CaFe2O4 as a possible photocathode material for 
H2 evolution. Since then, usually high temperatures (1100 – 1200 °C) were needed for synthesis of 
CaFe2O4 thin films made by solid state reaction (SSR).[32,241] CaFe2O4 thin films on FTO-coated glass 
substrates were produced by pulsed laser deposition (PLD) at a much lower temperature of 550 °C by 
Cao et al.[242], but the CaFe2O4 targets necessary for PLD were synthesized by SSR at 1100 °C. The 
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authors observed Fermi level pinning within bulk-CaFe2O4 and decomposition of the CaFe2O4 electrode 
during water splitting experiments.  
In 2016, Shaheen[243] and co-workers reported the synthesis of MgFe2O4/reduced graphene oxide 
composite for photocatalytic and photoelectrochemical application. They investigated methylene blue 
decomposition under visible light irradiation (420 nm) and observed 85 % mineralization after 30 min 
confirmed by TOC analysis. The higher PEC performance of the composite in comparison to single 
MgFe2O4 was attributed to suppressed charge carrier recombination. In the group of Weidong Shi, 
MgFe2O4 nanofibers and nanowires were investigated.[244,245] Synthesis of the nanostructures was 
performed by electrospinning. They reported enhanced photocatalytic degradation of tetracycline 
under visible light with the as-prepared rod-in-tube nanofibers. By CVD-coating with MoS2, a 1D 
heterostructure with enhanced charge carrier mobility was created, which showed 92 % 
photoelectrochemical tetracycline degradation after two hours. A photoelectrochemical hydrogen 
evolution rate of 5.8 mmol h-1 g-1 was found at 0.5 V bias under Xe arc lamp irradiation. 
Just recently, Guijarro et al.[246] used a β-FeOOH nanostructure as a solid precursor for MgFe2O4, 
CuFe2O4 and ZnFe2O4 thin films. The infiltration with metal nitrate solutions and subsequent calcination 
at 800 °C led to the formation of MgO, CuO and ZnO impurities, which were etched under highly acidic 
(7 M HNO3 for CuFe2O4, MgFe2O4) or alkaline (5 M NaOH for ZnFe2O4) conditions. They were able to 
improve the performance by NiFe2Ox deposition and post-synthetic calcination in H2 atmosphere. 
Promising faradaic efficiencies (97 %), but also a high degree of bulk recombination and Fermi level 
pinning at 0.9 VRHE were reported. 
Not only mesoporous thin films, but also mesoporous powders show improved photocatalytic 
performance, e.g. higher hydroxyl radical formation for mesoporous hematite (α-Fe2O3)[122] and 
improved removal of atrazine for magnetite (Fe3O4)[247] mesoporous powders. Furthermore, 
mesoporous ferrite powders synthesized by hard and soft templating methods have shown improved 
reactivity towards As3+ and Cr6+.[237,247,248] It was shown, that controlled porosity exceeds the efficiency 
of non-templated aggregated nanoparticle networks because of highly accessible pores and increased 
electron-hole separation.[237] 
The synthesis of ferrite nanoparticles has been reported employing numerous different 
techniques, e.g. sol-gel[21,249,250], mechanochemical[217,251–253], hydrothermal[254–258], co-precipitation[105], 
microwave-assisted[106,219,251,259] and high-temperature[26,27,260] routes, mostly under inert gas 
atmosphere, but only few authors take account of minor impurities of iron oxide by-phases within their 
samples using Raman spectroscopy in addition to X-ray diffraction (XRD) analysis.  
The stabilization of magnetic nanoparticles, such as ferrite nanoparticles, in non-aqueous and 
aqueous solution could improve their handling due to lower risk of exposure to nanoparticle dusts. 
Furthermore, ferrofluids have proven to be interesting for application in exclusion seals, sensors, 
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dampers and shock absorbers, for magnetic resonance imaging contrast enhancement and as cell 
labelling agent because of their superparamagnetic behavior and easy liquid handling.[261–265] 
For direct synthesis of stable colloidal solutions of magnetic nanoparticles, a variety of approaches 
was used. Many stabilizing agents have been applied such as long-chain-organic molecules 
(oleylamine, oleic acid, dimercaptosuccinic acid, sodium dodecylsulfate, citric acid)[27,236,260,266–272] and 
different polymers (polyvinylpyrrolidone, polyvinyl alcohol, Igepal® CO 520, polyethylene glycol).[273–
275] Again, most reports lack a closer look onto the phase purity of their materials. Some researchers 
reported impurities of α-Fe2O3 and ZnO or MgO after synthesis of ferrite colloids.[275] These impurity 
compounds can act as recombination sites and suppress the photoactivity of the prepared ferrite 
materials, or could even boost the activity due to heterojunction formation. 
Based on the promising literature reports concerning ferrite nanostructures in photocatalytic and 
photoelectrochemical applications, in this thesis a synthesis technique for highly mesoporous ZnFe2O4, 
MgFe2O4 and CaFe2O4 thin films directly from solution and in a nanoparticle-based approach via dip 
coating was developed. As basis for mesoporous thin films directly from solution, the report of 
Haetge and co-workers was chosen.[5] They reported the formation of ordered mesopores in MFe2O4 
thin films (M = Cu, Ni, Zn, Co, Mg) by application of a polymer soft template. With the poly(ethylene-
co-butylene)-block-poly(ethylene oxide) di-block copolymer, polymer micelles form in solution, which 
arrange during evaporation induced self-assembly (EISA) to build ordered spherical pores. The pore 
walls are crystallized at relatively low temperatures (T < 660 °C). However, the photoelectrochemical 
properties of the synthesized films were not investigated.  
The selected synthesis approaches for mesoporous ferrites and ferrite nanoparticles will be 
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3 Experimental Section 
3.1 Chemicals 
 
All chemicals used for synthesis, stabilization or analysis purposes are listed below. They were used 
without further purification and were stored under proper conditions according to the supplier’s notes.  
 




1,2-dodecanediol - C12H26O2 > 90 % TCI 1119-87-5 
betaine 
hydrochloride 
BETA C5H12NO2Cl > 98 % TCI 590-46-5 
calcium 
acetylacetonate 




CTAC C19H42NCl - SIGMA ALDRICH 112-02-7 
citric acid 
monohydrate 
CIT C6H10O8 > 99.5 % CARL ROTH 5949-29-1 
iron(III) 
acetylacetonate 
Fe(acac)3 C15H21FeO6 > 99 % ACROS 14024-18-1 
magnesium 
acetylacetonate 
Mg(acac)2 C10H14MgO4 > 98 % TCI 14024-56-7 
zinc 
acetylacetonate 











Table 3.1: List of organic solid chemicals. 
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Chemical name Chemical Formula Purity grade Supplier CAS-number 
boron nitride BN 98 % SIGMA ALDRICH 10043-11-5 
calcium nitrate 
tetrahydrate Ca(NO3)2 · 4 H2O 99.98 % ALFA AESAR 13477-34-4 
iron(III) nitrate 
nonahydrate Fe(NO3)3 · 9 H2O 99.99 % SIGMA ALDRICH 7782-61-8 
lanthanum hexaboride LaB6 99.5 % ALFA AESAR 12008-21-8 
magnesium nitrate 
hexahydrate Mg(NO3)2 · 6 H2O 99 % SIGMA ALDRICH 13446-18-9 
sodium chloride NaCl 99.5 % CARL ROTH 7647-14-5 
sodium hydroxide NaOH > 90 % SIGMA ALDRICH 1310-73-2 
sodium sulfate Na2SO4 > 99 % J.T. BAKER 7757-82-6 
sodium sulfite Na2SO3 > 98.5 % ACROS 7757-83-7 
zinc nitrate hexahydrate Zn(NO3)2 · 6 H2O > 99 % CARL ROTH 10196-18-6 
 
Chemical name Abbreviation Purity grade Supplier CAS-number 
1,2-dichlorobenzene  DCB > 99 % MERCK 95-50-1 
1-phenylethanol 1-PE > 99 % SIGMA ALDRICH 98-85-1 
2-methoxyethanol 2-ME >99.3 % ABCR 109-86-4 
aceton - 99 % VWR 67-64-1 
ammonia - 28 wt% FLUKA 7664-41-7 
dibenzyl ether DBE >98 % SIGMA ALDRICH 103-50-4 
diethyl ether Et2O 99.9 % VWR 60-29-7 
ethanol EtOH >99.8 % ACROS 64-175 
hydrogen peroxide H2O2 30 wt% SIGMA ALDRICH 7722-84-1 
methanol MeOH > 99.85 % CHEMSOLUTE 67-56-1 
N,N-dimethylformamide  DMF 99 % ACROS 68-12-2 
oleic acid OA 90 % ABCR 112-80-1 
oleylamine OLA 70 % SIGMA ALDRICH 112-90-3 
tetraethyl orthosilicate TEOS 99.99 % VWR 78-10-4 
toluene - 99 % ABCR 108-88-3 
 
Table 3.2: List of inorganic solid chemicals. 
Table 3.3: List of inorganic and organic liquid chemicals. 
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Table 3.4: List of polymers. 
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3.2 Synthesis Techniques 
3.2.1 Nanoparticle Synthesis 
3.2.1.1 High-Temperature Reflux Synthesis 
 
To synthesize ferrite nanoparticles under established reflux 
conditions (so-called batch conditions), a 3-neck-roundbottom flask 
was equipped with a condenser, temperature sensor and a magnetic 
stirring bar (see Figure 3.1). The used amount of acetylacetonate (acac) 
precursors, reaction times and temperatures can be found in Table 3.5. 
In a typical synthesis, A(acac)2 (A = Zn, Mg) was pre-dissolved in 15 mL 
1-PE under ultrasonic treatment for 15 min resulting in a concentration 
of 0.033 mmol mL-1. Then, the clear solution was added to an adequate 
amount of Fe(acac)3 to obtain the molar ratio A:B as 1:2. The solution 
was vigorously stirred at 40 °C under ambient conditions until the solid 
compounds were fully dissolved. Afterwards, the reaction mixture was 
heated to reflux (206 °C) as fast as possible and was kept at this 
temperature for one hour. After the reaction time, the solution was 
allowed to cool down to room temperature. Then, the solution was 
mixed with excess of diethyl ether (Et2O) and centrifuged at 7000 rpm 
for 10 min to precipitate the synthesized nanoparticles. The super-
natant was discarded and the sediment was redispersed in 15 mL of 
ethanol (EtOH). Then, another 20 mL of Et2O were added and the mixture was centrifuged at 7000 rpm 
for 10 min to wash off unreacted precursor residues from the nanoparticles’ surface. This washing 
procedure was repeated three times before the solid was dried in an oven at 100 °C for 12 hours. The 
resulting dry solid was grinded to obtain a fine powder. 
 
Desired Compound T / °C tsyn / min V / mL nA / mmol nFe / mmol 
ZnFe2O4 206 (reflux) 60 15 0.5 1 






Figure 3.1: Reaction setup for 
standard reflux synthesis. 
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3.2.1.2 Microwave-Assisted Nanoparticle Synthesis 
 
Parallel to the nanoparticle synthesis under reflux conditions, synthesis was also investigated 
under microwave irradiation. With microwaves the solution mixture is heated directly, which allows 
better heat penetration and faster reactions courses. In Figure 3.2, both heating principles are 
compared. The used amount of precursors, reaction times and temperatures can be found in Table 3.6.  
For this purpose, A(acac)2 
(A = Zn, Mg, Ca) was pre-
dissolved in 12 mL of rac-1-
phenylethanol (1-PE) under 
ultrasonic treatment. The 
solution was transferred into a 
second vessel containing a 
defined amount of B(acac)3 (B = 
Fe, Cr). The vessel of compound 
A(acac)2 was rinsed with another 
3 mL of 1-PE, which were added 
to the main solution. The reaction 
mixture was treated in an ultrasonic bath for another 10 min to dissolve all solid components. Then, 
the solution was transferred into a borosilicate glass microwave vessel equipped with a stirring bar 
and was sealed with a Teflon®-lined cap (ANTON PAAR). The reaction vessel was placed inside a 
Monowave 400 (ANTON PAAR), was heated to the desired reaction temperature as fast as possible under 
vigorous stirring (300 rpm) and was kept at this temperature for 30 min. After the reaction time, the 
mixture was allowed to cool down to room temperature. The work up was pursued as described in 
3.2.1.1. 
 
Desired Compound T / °C tsyn / min V / mL nA / mmol nB / mmol 
ZnFe2O4 275 30 15 0.5 1.0 
MgFe2O4 275 30 15 1.0 1.0 





Figure 3.2: Heat distribution in conventional heating and microwave 
heating.[276] 
 
Table 3.6: Reaction conditions for microwave-assisted synthesis of AB2O4 nanoparticles. 
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3.2.1.3 Post-Synthetic Heat Treatment 
 
Post-synthetic calcination in air of as-prepared microwave-derived ZnFe2O4 nanoparticles was 
performed in a muffle furnace (NABERTHERM L311). Grinded powder samples were filled into a ceramic 
crucible and placed inside the muffle furnace at room temperature. The samples were heated to either 
400 °C, 500 °C or 600 °C, respectively, with a heating rate of 10 °C min-1. After maintaining the 
maximum temperature for one hour, samples were allowed to cool down to room temperature inside 
the muffle furnace. The calcined samples were grinded in a mortar to obtain fine powders. 
 
3.2.2 Nanoparticle Functionalization 
3.2.2.1 In situ Steric Stabilization 
 
To obtain stable nanoparticle colloids, surface functionalization of the ferrite surface is necessary. 
This way, stable colloids in polar or non-polar solvents can be obtained.  
For non-polar colloidal stabilization, the in situ functionalization with common ligands oleylamine 
(OLA) and oleic acid (OA) was investigated. One approach was the adaption of a procedure reported 
by Sun and co-workers for microwave synthesis.[27] For this, a mixture of zinc acetylacetonate 
(Zn(acac)2, 158.0 mg) or magnesium acetylacetonate (Mg(acac)2, 133.5 mg), iron(III)-acetylacetonate 
(Fe(acac)3, 423.4 mg), 1,2-dodecanediol (2.0 g), oleylamine (OLA, 2 mL), oleic acid (OA, 2 mL) and 
dibenzyl ether (20 mL) was prepared, which gave a molar ratio of 1:2:15.2:27:28.5:286. This mixture 
was treated in an ultrasonic bath, resulting in a dark red solution. The mixture was processed either 
under reflux conditions or under microwave heating conditions as described above (see chapters 
3.2.1.1 and 3.2.1.2). In a typical batch reaction, the solution was heated to 280 °C under vigorous 
stirring and was kept at this temperature for three hours before cooling down. In a microwave-assisted 
approach, 15 mL of the reaction solution were treated according to the heating program described 
under 3.2.1.2. After the reaction, excess of methanol (MeOH) was added to the turbid black solution 
to precipitate the nanoparticles. Centrifugation at 6000 rpm was followed by redispersion in toluene. 
The resulting colloid was washed another three times before a final redispersion in toluene resulted in 
stable colloidal solutions (≈ 40 mg mL-1). 
Another approach to perform in situ surface functionalization with OLA and OA was taken by 
modification of the procedure described under 3.2.1.1. Here, addition of 4.5 mL of OLA and 4.5 mL of 
OA to the synthesis mixtures was performed. The work up was done as described above for OLA/OA-
functionalized nanoparticles. 
For direct synthesis of polar stable colloidal solutions, the microwave-assisted synthesis (3.2.1.2) 
was modified again. Aqueous colloidal solutions were produced by addition of polyvinylpyrrolidone 
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(PVP) to the reaction mixtures. The PVP-containing reaction mixture was fully dissolved by ultrasonic 
treatment. A PVP amount of 1.5 g (100 mg mL-1) was chosen as standard value. For production of PVP-
encapsulated ZnFe2O4 nanoparticles, also lower PVP amount of 0.15 g (10 mg mL-1), 0.5 g (33 mg mL-1) 
and 1.0 g (66 mg mL-1) were applied to investigate the influence of polymer amount on the colloidal 
stability.  
 
3.2.2.2 Post-synthetic Steric Stabilization 
 
Post-synthetic functionalization was realized by reflux treatment of as-synthesized nanoparticles 
in the presence of OLA and OA. In detail, 20 mg ferrite nanoparticles were mixed with 10 mL of toluene, 
1 mL of OLA and 1 mL of OA. The solution was kept at 110 °C for 48 hours before allowing to cool down. 
The nanoparticles were precipitated by addition of excess EtOH. The redispersion in 5 mL of toluene 
followed by washing with MeOH was repeated three times to remove excess ligands. The nanoparticles 
were then redispersed to obtain stable colloids in toluene (8 mg mL-1). 
 
3.2.2.3 Post-synthetic Electrostatic Stabilization 
 
By modifying a procedure by Patil et al.[277], a direct stabilization of nanoparticles in water can be 
achieved. For this purpose, an aqueous solution of betaine hydrochloride (BETA, 2 wt%) was prepared. 
The solution was mixed with dry nanoparticles in the ratio of 8 mg mL-1. The mixture was mixed on a 
shaker for at least 10 hours to obtain a stable colloid. By careful precipitation with acetone under 
magnetic attraction, the functionalized nanoparticles were washed three times and redispersed in 
distilled water. 
Another approach for electrostatic stabilization was developed according to the report of 
Lattuada et al.[270] Here, a solvent mixture of N,N-dimethylformamide, 1,2-dichlorobenzene and citric 
acid monohydrate in the molar ratio of 1:162:111 was prepared. Then, nanoparticles were added in 
the ratio of 8 mg mL-1 solution. The mixture was kept at 100 °C for 24 hours before precipitation with 
Et2O. To remove excess surfactants, the nanoparticles were washed three times with acetone before 
being redispersed in distilled water (8 mg mL-1). 
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3.2.3 Mesoporous Thin Film Preparation 
3.2.3.1 Sol-Gel Assisted Thin Film Synthesis 
 
Mesoporous AFe2O4 thin films (A = Zn, Mg, Ca) were prepared via sol-gel-based dip coating taking 
advantage of the evaporation induced self-assembly of polymeric micelles. The polymer was varied, 
using either block-copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) 
(Pluronic® F127, abbr. PLU, SIGMA ALDRICH), or block-copolymer poly(isobutylene)-b-poly(ethylene 
oxide) in three molecular weights of the polyisobutylene unit (MWPIB = 3000, MWPIB = 6000 or 
MWPIB = 10000; abbr. either PIB3000, PIB6000 or PIB10000, BASF SE). Thin films were coated on 
various substrates, namely silicon (100) wafers (SILTRONIC), fluorine-doped tin oxide (FTO) coated 
Pilkington TEC glass slides (XOP GLASS) and indium tin oxide (ITO) coated quartz glass slides (PRÄZISIONS 





Typically, metal nitrate hydrate salts of A(NO3)2 (A = Ca, Mg, Zn) were dissolved in 0.6 mL ethanol 
(EtOH) by mixing on a shaker for 30 min (for exact amounts see Table 3.7, Table 3.8 and Table 3.9). In 
the same fashion, iron(III) nitrate nonahydrate was dissolved in 0.2 mL EtOH and 0.4 mL 
2-methoxyethanol (2-ME) in a second vessel. Parallel to this, 45 mg of polymer was dissolved in 0.2 mL 
2-ME and 0.9 mL EtOH under ultrasonic treatment for 30 minutes. After all precursors were fully 
dissolved, the solutions were mixed and the mixture was treated in an ultrasonic bath for another 














mesoporous ferrite thin film
Figure 3.3: Schematic dip coating synthesis of mesoporous ferrite thin films. 
3.2 Experimental Section − Synthesis Techniques 
47  ꟾꟾ   
5 min. The precursor solution was filtered with a syringe filter (PTFE, 0.2 μm) into a dip coating vessel 
to remove large solid components. The vessel was then placed inside a closed, humidity controlled 
chamber to achieve constant conditions of the surrounding atmosphere for the dip coating procedure. 
The relative humidity was set to 10 %, but varied until the end of the dip coating process between 
10 – 15 %. Thin films were coated on various substrates by dipping them into the precursor solution 
and direct withdrawal from it, both with a constant speed of 8 mm s-1. The as-coated substrates 
remained inside the chamber for three minutes before being transferred into a muffle furnace 
(NABERTHERM L311), which was pre-heated to 130 °C. The temperature was kept for three hours to 
guarantee well-dried thin films and aging of the formed sol. Subsequently, the films were heated to 
300 °C with a heating rate of 0.5 °C min-1. During heat treatment at 300 °C for 12 hours, the precursor 
sol formed into a solid metal oxide hydroxide gel. This gel was then calcined at various temperatures 
to obtain the desired mesoporous AFe2O4 thin films. 
 
Precursor m / mg n / mmol Solvent 
Zn(NO3)2 · 6 H2O 128.2 0.439 0.6 mL EtOH 
Fe(NO3)3 · 9 H2O 348.3 0.862 0.2 mL EtOH, 0.4 mL 2-ME 
polymer 45 - 0.9 mL EtOH, 0.2 mL 2-ME 
 
 
Precursor m / mg n / mmol Solvent 
Mg(NO3)2 · 6 H2O 98.9 0.439 0.6 mL EtOH 
Fe(NO3)3 · 9 H2O 348.3 0.862 0.2 mL EtOH, 0.4 mL 2-ME 
Pluronic® F127 45 - 0.9 mL EtOH, 0.2 mL 2-ME 
 
 
Precursor m / mg n / mmol Solvent 
Ca(NO3)2 · 6 H2O 203.6 0.431 or 0.560 0.6 mL EtOH 
Fe(NO3)3 · 9 H2O 348.3 0.862 0.2 mL EtOH, 0.4 mL 2-ME 
polymer 45 - 0.9 mL EtOH, 0.2 mL 2-ME 
 
  
Table 3.7: Precursor mixture for mesoporous ZnFe2O4 film synthesis. 
Table 3.8: Precursor mixture for mesoporous MgFe2O4 film synthesis. 
Table 3.9: Precursor mixture for mesoporous CaFe2O4 film synthesis. 
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3.2.3.2 Infiltration with SiO2 Scaffold 
 
To stabilize the mesopores, which were originally formed during short term calcination, and 
enabling crystal defect healing during long term calcination at the same time, PLU- and PIB-derived 
mesoporous ZnFe2O4 thin films, which had been calcined at 600 °C without holding time, were 
infiltrated with SiO2 according to procedures reported by Ogawa et al.[278] and Brillet et al.[138] For this, 
100 mL of MeOH were mixed with 0.21 g of hexadecyltrimethyl ammonium chloride (C16TAC), 17.7 g 
of deionized water, 9 mL of ammonia (25 %) and 0.37 mL of tetraethyl orthosilicate (TEOS) to achieve 
a molar ratio of 1500:0.4:774:72:1. After cooling the infiltration solution to 0 °C, the mesoporous thin 
films were immersed in the solution for 18 hours at 0 °C. Afterwards, the thin film samples were 
removed from the turbid solution, extensively rinsed with MeOH and subsequently dried at room 
temperature. Then, the samples containing SiO2 scaffold were calcined for 12 hours at 600 °C in air 
with a heating rate of 10 °C min-1. Removal of the hard template after calcination was achieved by 
storing the SiO2-containing samples in 5 M NaOH for 10 min. Afterwards, the samples were washed 
thoroughly with deionized water and dried at room temperature. 
  
 
3.2.4 Thin Films Derived from Nanoparticles 
 
For preparation of mesoporous thin films derived directly from nanoparticles, spin coating of 
PVP- coated nanoparticles under humidity control was employed. This is schematically shown in 













Figure 3.4: Schematic spin coating synthesis of mesoporous ZnFe2O4 thin films. 
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As-prepared, PVP-coated ZnFe2O4 nanoparticles were dispersed in EtOH in a defined concentration 
(18.5 mg mL-1). The desired substrate was fixated on the rotation disk inside the spin coating chamber. 
The relative humidity was set to 10 %. Then, 200 μL of the solution was drop-casted when the rotation 
of the substrate was started. After rotation with 1500 rpm for 60 seconds, the rotation was stopped. 
The coated substrate remained inside the chamber for two more minutes before being transferred 
into a pre-heated muffle furnace (130 °C). After four hours at 130 °C, the substrate was heated to 
300 °C (2 °C min-1) and kept at the maximum temperature for 3 hours. The subsequent calcination was 
performed at 500 °C, 600 °C or 700 °C with a heating rate of 10 °C min-1 and a holding time of 
3 or 12 hours. 
 
 
3.2.5 Mesoporous Powder Preparation 
 
The synthesis of the precursor mixture for preparation of mesoporous powders was performed 
identically to 3.2.3.1. Block-copolymers Pluronic® F127 (abbr. PLU, SIGMA ALDRICH) or poly(isobutylene)-
b-poly(ethylene oxide) (PIB3000, abbr. PIB, BASF SE) with a molecular weight of MWPIB = 3000 for the 
polyisobutylene unit was used as porogens. The prepared precursor solution was filled into a ceramic 
crucible and placed inside a muffle furnace (NABERTHERM L311) at room temperature. The furnace was 
slowly heated (5 °C min-1) to 75 °C and maintained at this temperature for 2 hours to remove the 
ethanol solvent. Then, the temperature was increased to 130 °C by 0.3 °C min-1. For 3 hours, the 
mixture was kept at 130 °C to form the precursor sol. Afterwards, the temperature was increased by 
0.5 °C min-1 to 300 °C and kept for 12 hours to receive the precursor gels. In a second step, the obtained 
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4 Characterization Techniques 
4.1 X-Ray Methods 
4.1.1 Powder X-Ray Diffraction 
X-ray powder diffraction (XPRD) analysis was performed using a X’Pert Pro diffractometer 
(PANALYTICAL) with Cu Kα radiation (λ = 1.5406 Å) and Bragg-Brentano geometry. The patterns were 
recorded from 15° to 75° 2Θ with a step size of 0.033°, an emission current of 40 mA and an 
acceleration voltage of 40 kV. For data evaluation regarding phase purity PANALYTICAL X’Pert HighScore 
Plus software (Version 3.0.5) in combination with reference patterns from the Crystallography Open 
Database (COD)[279] was used. For quick estimation of the average crystallite size La, the Scherrer 








Here, KBragg = 0.93 is the Bragg constant, FWHM is the full width at half maximum and Θ is the Bragg 
angle, both used in radian measure. 
 
4.1.2 Gracing Incidence X-Ray Diffraction 
 
Gracing incidence X-ray diffraction (GIXRD) analysis was done on a X’Pert Pro MRD (PANALYTICAL) 
equipped with a parallel plate collimator (0.27°) and Cu W/Si mirror using an Empyrean Cu LFF HR X-ray 
tube (Cu Kα radiation, λ = 1.5406 Å). For all measurements, a 1.4 mm anti-scatter slit, a 0.04 rad soller 
slit, a 1/16° divergence slit and a 2 mm mask were mounted. Patterns were recorded from 25° to 65° 
with an emission current of 40 mA and an acceleration voltage of 40 kV. In situ measurements at 
elevated temperatures in synthetic air (80 % N2, 20 % O2) were realized by using a domed hot stage 
(DHS 1100, PANALYTICAL). Samples were heated to the desired temperatures with a heating rate of 
10 °C min-1.  
 
4.1.3 Rietveld Refinement 
 
To perform Rietveld refinement, an instrumental resolution file (IRF) is needed to include 
instrumental line broadening effects into the calculations. For this purpose, XRD patterns of a 
highly-pure lanthanum hexaboride (LaB6) standard substance were recorded. 
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The crystallite sizes and strains of samples can be evaluated using Rietveld refinement. For this 
purpose, the free software FullProf, Version 2.05 (2011) was used.[281] The refinement procedure was 
performed in accordance with the guidelines formulated by the International Union of Crystallography 
Commission on Powder Diffraction.[282] Peaks were fitted with a Thompson-Cox-Hastings Pseudo-Voigt 
profile function, which consists of Gaussian and Lorentzian contributions to the fit function. A 
6-coefficient polynomial background function was used for background determination. Gaussian 
parameter UGauss describing the full width at half-maximum (FWHM) and parameter YGauss describing 
the Lorentzian part of the peak shape, were refined to determine the line broadening caused by crystal 
size effects. As IRF-files were provided, no refinement of Gaussian and parameters VGauss and WGauss 
was performed. Due to very small crystallite sizes, Lorentzian parameter XGauss was not refined. 
Crystallographic Information Files (CIF)[283] obtained from the crystallographic open database (COD) 
were used for ZnFe2O4 (COD ID 2300615)[284] and MgFe2O4 (COD ID 9007273)[285]. All shift relaxation 
factors were chosen to be 0.8. 
In a typical procedure, first the instrumental zero offset, background (6-coefficient polynomial) and 
scale coefficient were fitted all at once until convergence. Then, the YGauss and UGauss values were fixed 
and fitted alternatingly until convergence, starting with YGauss. Afterwards, the lattice constant a was 
refined. In a second cycle, line shaping parameters UGauss and YGauss were refined again in turns. When 
a, YGauss and UGauss reached a minimum in least square deviation, the Debye-Waller factors B for every 
elemental site were alternatingly refined. As for the Fd3̅m structure, no fractional atom parameters 
are found, x, y and z were not refined. Finally, microstrain was fitted using the refinement of the 
Lorentzian line broadening parameters K41, K61 and K81 of the m3m Laue class. 
In the following, obtained lattice constants a, microstrain values η, average crystallite sizes La and 
goodness-of-fit parameters χ² for all refined samples are given (see Table 9.1). 
 
 
4.1.4 X-Ray Photoelectron Spectroscopy  
 
X-ray photoelectron spectroscopy (XPS) measurements were performed on PHI Versaprobe II 
Scanning ESCA Microprobe (PHYSICAL ELECTRONICS) equipped with an Al Kα X-ray source. The X-ray beam 
with a power of 50 W was sized to 0.1 x 1.3 mm. 23.5 eV was chosen as analyzer pass energy for detail 
spectra, which were recorded with a step size of 0.2 eV and a step time of 50 ms. The C 1s line signal 
was fixed to 284.8 eV for charge correction.[286] All data was processed using CasaXPS software. 
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4.1.5 Synchrotron-Based X-Ray Excitation Experiments 
 
Hard X-ray experiments with high-energy X-rays were performed at the Rossendorf Beamline 
(BM20) at the European Synchrotron Radiation Facility (ESRF) using the 6 GeV storage ring. The 
experimental station RCH-II was used for all experiments, which is equipped heavy-duty 6-circle 
goniometer (HUBER). The energy of the monochromatic beam was tuned between 7090 eV and 
7220 eV with 0.3 eV step size to excite Fe K-edge features. A water-cooled Si/Rh/Pt mirror collimator, 
a double crystal monochromator (Si(111)) with a spectral resolution of 0.2 eV and a toroid (Rh/Pt) 
mirror focusing on a flat Si surface were employed. The general optics used for the experiments are 





For XANES measurements, samples were diluted with boron nitride (≈ 1 μm). In XES, RIXS and V2C 
measurements, the pure samples were analyzed. Samples were sealed in Kapton® foil, mounted on an 
x-y-z-stage, which is adjustable by stepper motors and gearboxes, and measured at room temperature 
under ambient pressure. In all experiments (HRFD-XANES, site-selective XES, RIXS, V2C-XES) a 5-crystal 
Johann-type emission spectrometer was employed. 
The measurements were performed on ZnFe2O4 and MgFe2O4 nanoparticles and ZnFe2O4 
mesoporous powders. Reference substances of nanosized hematite and magnetite were analyzed 
equally to the ferrite samples. The calibration of the monochromator was performed with an Fe foil, 
which was corrected to E0 for the iron K-edge at 7112 eV.[288] The calibration of the monochromator 
was checked after each change of the analysis technique. Obtained data were processed using PyMca 
software.[289] All experiments were performed under the experimental number CH5027.  
Figure 4.1: Beamline optics of the Rossendorf beamline (BM20) at ESRF.[287] 
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X-ray absorption spectroscopy 
(XAS) and X-ray emission 
spectroscopy (XES) are synchrotron-
based analysis techniques 
applicable to various materials, such 
as metals, transition metal oxides 
and metal complexes.[290–295] Both 
methods are complimentary to each 
other, with the transition processes 
being connected as shown in 
Figure 4.2. The energy for excitation 
can be delivered in form of soft 
X-rays (< 1 keV) or hard X-rays 
(> 3 keV).[296] Hard X-rays show wavelengths comparable or shorter than the spacing of crystalline 
planes, while soft X-rays correspond to larger distances. [296] Absorption of soft X-ray by materials is 
much higher than for hard X-rays, which is why most soft X-ray experiments are carried out under 
vacuum conditions. This makes the experimental design and sample handling more difficult compared 
to hard X-ray experiments, which can also be performed under ambient conditions or in different gas 
atmospheres.[296] The absorption of X-rays can be described equivalently to Lambert-Beer’s law[297] as 
 
I = I0 ∙ e
‐α D (4.2) 
 
where I0 is the incident X-ray intensity, I is the intensity of the transmitted energy, α is the linear 
absorption coefficient and D is the sample thickness. Theory of XAS is based on the independent 
particle approximation, reducing a complex theory to an effective independent electron 
approximation.[297] By this, Fermi’s golden rule equation (4.3 can be applied.[297,298] 
 
IXAS ~ |⟨Φf|d|Φi⟩|
2 δ(Ef ‐ ℏω ‐ Ei) (4.3) 
 
Here, the X-ray absorption intensity IXAS is proportional to the dipole coupling d of the initial state 
of the deep core hole Φi to the finale state Φf representing the unoccupied final quasi-particle states. 
The dipole momentum implies, that the spin during transition is conserved and the orbital momentum 
between the initial and the final state differs by ΔJ = ± 1. The delta function, guaranteeing energy 
conservation, describes the photon energy defined as 
 
 
Figure 4.2: X-ray absorption and emission processes for Fe3+.  
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ℏω + Ei ≡ Ef (4.4) 
 
When the photon energy matches or exceeds the 1s binding energy, excitations of deep core 1s 
electrons into unoccupied p-states are triggered. The resulting spectra are called K-edge spectra. For 
transition metals, the K edges are found between 5 keV and 10 keV of absorption energy.[296]  
A disadvantage of hard X-ray spectroscopy is the signal broadening as a consequence of core-hole 
lifetime broadening. Because of Heisenberg’s uncertainty relation, the core-hole lifetime τhole is 
connected to the Lorentzian shape broadening with the width Γ by 
 
τhole∙ Γ = ℏ = 6.6 ∙ 10
‐16 eVs (4.5) [296] 
 
For hard X-rays, Γ is reported to be 1.0 eV – 1.3 eV at transition metal K-edges, while for soft X-rays 
it is only 0.4 eV – 0.5 eV at the transition metal L-edges.[296] Due to this, K-edge line shapes are about 
three times broader than L-edge features.[298] On the other hand, soft X-ray experiments usually need 
to be performed under vacuum, which makes in situ experiments under ambient conditions 
impossible. With a resolution of ≈ 1 eV, K edge spectroscopy offers the possibility to characterize 
orbital splitting and electron-electron interaction.[299] 
 
4.1.5.1 X-Ray Absorption Near Edge Spectroscopy 
 
X-ray absorption spectroscopy (XAS) offers materials characterization in form of X-ray absorption 
near-edge spectroscopy (XANES, around 50 eV around the absorption edge) and extended X-ray 
absorption fine structure (EXAFS), which is the region above 10 – 20 eV.[297,300,301] In this work, for X-ray 
absorption only XANES measurements will be discussed. XANES probes the full density of states around 
the absorbing atom or ion, including multiple scattering phenomena induced by the final excited 
states. As the absorbed energy depends on the core electron binding energy, this technique allows to 
obtain information characteristically for the analyzed element. Detailed conclusions on the unoccupied 
states of the electronic structure of unknown compounds can be drawn from comparison with known 
reference systems of the same element. 
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XANES spectra are divided 
into three regions, which are 
shown in Figure 4.3: 1) a pre-
absorption region with a pre-
edge structure, 2) a distinct 
absorption edge in an element-
specific energy range, and 3) a 
multiple-scattering region. The 
absorption edge of XANES is 
shifted to higher energies with 
higher valences, which can be 
used to determine the valence state of the metal cation. For Fe2+ and Fe3+ ions, this has been shown in 
an extensive study by Westre et al. [290] Furthermore, in transition metal oxides the absorption edge 
energy is also determined by the metal-oxygen distance as shown by De Vries et al. for manganese 
oxides.[291] 
The pre-edge structure in K-edge spectra is caused by 1s core electron excitation into 3d orbitals 
of the transition metal, which is why no pre-edge structure is observed for elements with d10 
configuration. Due to less probability of electron transition into d orbitals, pre-edge features of weak 
intensity are created.[297] The overall excitation probability into the 3d band and strongly depend on 
the number of 3d vacancies.[300,302] The pre-edge is sensitive to crystal field splitting, site symmetry and 
metal oxidation state.[299] As these parameters also control the structure of chemical compounds, from 
XANES spectra conclusions on the local structure around X-ray scattering atoms can be drawn. 
If a 3d transition metal atom has octahedral coordination with six identical ligands, this 
coordination sphere shows inversion symmetry. Therefore, no 3d-4p orbital mixing is possible and the 
3d valence orbitals show only quadrupole transition, while dipole transitions are “Laporte” 
forbidden.[298,299] In tetrahedral coordination, the local mixing of 4p and 3d nature is symmetry allowed, 
as these systems do not show inversion symmetry, leading to p-d hybrid orbitals.[290,298] These hybrid 
orbitals apply to the dipole selection rule, which is why not only quadrupole transitions from 1s to 3d 
orbitals, but also dipole transitions from 1s into 4p-3d hybrid orbitals are observed in the pre-edge 
region of tetrahedral complexes.[300,303] With a distorted octahedral coordination, the original inversion 
symmetry is broken. As more p character will be added to the 4p-3d hybrid orbitals, this allows 1s 
electron excitation into the hybrid orbitals.[297,303] Because the amount of p character is still quite small 
in those hybrid orbitals, only a limited amount of “allowed” transitions can occur. Therefore, in 
tetrahedral systems the pre-edge intensity is larger than in distorted octahedral symmetry.[300,303] This 
has already been shown for different iron oxides and titanium compounds with different coordination 
geometry.[295,298] Furthermore, multiplet splitting occurs due to electron-electron repulsion and ligand 
 
Figure 4.3: X-ray absorption spectrum with marked XANES and EXAFS 
regions (adapted from S. Bare).[301] 
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field splitting, which leads to multiple final states. Therefore, the local coordination number and 
coordination symmetry around the absorbing metal determine the shape and intensity of the pre-edge 
structure.[302]  
In 2005, de Groot and co-workers[298] investigated divalent and trivalent iron oxides with different 
coordination geometry, observing a pre-edge center at 7113 eV for the Fe2+ iron oxides and at 
7114.5 eV for the Fe3+ iron oxides. Additionally, they located the absorption edge at 7122 eV for 
Fe3+.[298] The results give an average energy position of Fe3+ pre-edges at 7113.5 eV for both for 
tetrahedral and octahedral symmetry, whereas their relative intensities are 0.35 for tetrahedral and 
0.06 for octahedral symmetry, respectively. Westre and co-workers proved, that oxidation state, spin 
state, local geometry and the nature of the ligand interaction affect the pre-edge feature of iron-based 
complexes.[290] For octahedral Fe3+ complexes they found the split to vary depending on the ligand 
binding strength between 1.7 eV and 3.5 eV, which was attributed to allowed electric quadrupole 





For high-resolution fluorescence detected XANES (HRFD-XANES) measurements, three single 
spectra were collected. They were merged and normalized by the average absorption intensity at 
around 7200 eV. The pre-edge region of all spectra was fitted using Athena software[304] to allow a 
detailed comparison of the samples. Examples of fitted spectra are shown in Figure 4.4. 
































































Figure 4.4: XANES pre-edge fits of mesoporous ZnFe2O4 powders. 
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4.1.5.2 X-Ray Emission Spectroscopy 
 
X-ray Emission Spectroscopy (XES) investigates the reversed process described for XAS, i.e. 
relaxation of an excited electron into the initial valence band state. By filling the deep core hole created 
during XAS with an electron from a higher orbital, energy of 
an element characteristic signature is emitted. While XAS 
probes the density of states of the unoccupied orbitals which 
are lowest in energy, XES gives insights into the density of 
states of the highest occupied energy levels.[296] 
If the core hole was created in the 1s shell (K-edge 
absorption) by electron excitation, the emitted fluorescence 
is called K fluorescence. The K fluorescence can show lines of 
different intensities referred to as α, β or γ, where Kα is the 
most intense emission line at the lowest energy resulting from 1s core hole filling with a 
2p electron.[296] All K emission lines show a fine structure, which results from the interaction of the 
orbital spin with its momentum on the one hand, and the interaction between the electrons on the 
other hand. The emission processes resulting in different emission signals are shown in Figure 4.5. For 
Kα-lines, were 2p spin-orbit splitting (Kα1, Kα2) can be observed.[296] Approx. 25 % of the absorbed 
energy is emitted in form of Kα fluorescence.[305]  
In the second case, which is typical for Kβ-lines, the interactions can occur either between valence 
shell electrons or between a core electron and a valence shell electron, leading to a splitting into Kβ1,3 
and Kβ’.[296] Kβ main lines were reported to be 8 times less intense than Kα fluorescence.[305] Weak 
satellite signals created in the Kβ-line are due to relaxation from the valence orbitals into the 1s shell. 
These valence-to-core (V2C) transitions are labeled Kβ2,5 and Kβ’’.[296] The strong interaction of 2p and 
3p electron-spin with electron-electron interaction result in a chemical sensitivity of Kα- and Kβ-lines 
for the electronic structure.[292] On the other hand Kα- and Kβ-lines are less sensitive towards the 
atomic structure, which has been shown by Peng and co-workers.[292] Despite the Kα1, Kα2 emission 
having about 8 times the intensity of Kβ1,3 and Kβ’, this fluorescence is least sensitive to local structure 
changes. Here, Kβ1,3 and Kβ’ are much more sensitive concerning the oxidation and spin state of 3d 
metals.[306,307] It should be mentioned, that none of the discussed transitions directly describes the 3d 
states.  
Two types of XES are distinguished: resonant XES, where an excitation into the valence band was 
triggered first, and non-resonant XES, where the core electron was excited into the continuum state 
(see Figure 4.2). Non-resonant XES can be performed with every X-ray source connected to an X-ray 
spectrometer, as it is based on excitation into continuum state.[308] For resonant XES, high-energy 
monochromatic X-rays are required. 
 
Figure 4.5: Origin of XES emission lines.  
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The shape of the spectral line is determined by the final state, where the deep core hole has been 
filled. When the core hole was created due to energy absorption close to the absorption edge, both 
X-ray emission and absorption correlate and can be described by the Kramers-Heisenberg formula 
being the basis of all resonant X-ray processes. Emission energies much higher than the resonance 
cause normal X-ray emission (fluorescence). In contrast to XANES, XES signals do not show any shift, if 
the metal-to-ligand distance changes, but a variation in total intensity. However, the peak positions 
are sensitive to the ligand type. This was reported in an extensive study by Smolentsev et al.[309] 
When a 2p or 3p core hole is present, the single 
particle approximation is not suitable anymore to 
describe the underlying processes, as multiplet effects 
dominate the resulting states. This is also the case for 
the final state of XES (compare Figure 4.2).[310] 
In most pre-edge features of transition metals, both 
dipole and quadrupole excitations occur causing more 
than one peak in the pre-edge region. These relate to 
excitations into different final states. Due to this, by 
selected excitation and emission detection of these 
transitions, conclusions of the respective final states 
can be drawn. This approach is called site-selective XES. 
For Fe3+ in α-Fe2O3, the excitation and emission process 
has been described by Caliebe and co-workers.[303,310] 
There, excitations from the ground state (with half-
filled 3d orbitals) to quadrupole (1s3d6) and dipole 
(1s3d54p) intermediate states are described. Using 
7113 eV, 7114 eV and 7118 eV, they addressed the 1s 
transition to t2g and eg orbitals formed due to crystal 
field splitting. The dipolar decay along 1s2p leads to 2p3d6 and 2p3d54p final states. The pre-edge 
peaks (a) and (b) in Figure 4.6 relative to the t2g projected and eg projected final states, which are 
separated by crystal field splitting. Peak (c) is caused by the quadrupole excitation. As the decay only 
involves 1s and 2p orbitals, the 3d states remain unchanged during decay. When measuring the Kα-
emission at the different peak position, information on either the t2g or eg character of the final states 
can be obtained. They were able to reveal different peak shapes for the resulting XES plots, which 
revealed a narrower line width and additional spectral features in contrast to the non-resonant XES. 
Site-selective XES spectra were recorded at 7113 eV, 7114 eV and 7118 eV excitation energy, 
respectively, with a step size of 0.2 eV. These energy values were chosen according to a report by 
Caliebe et al.[303] The obtained spectra were fitted using a split pseudo-Voigt function provided by 
 
Figure 4.6: K-edge absorption spectrum (top) 
and corresponding Kα XES of α-Fe2O3.[303] 
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PyMca software.[289] The general fit quality is exemplarily shown for the hematite nanoparticle sample 
in Figure 4.7. 
 
   
 
 
RIXS planes were obtained by exciting the samples with energies between 7108 eV and 7122 eV, 
matching the 1s pre-edge energy of Fe. Parallel to this, the 1s2p emission energy was scanned. The 
data was processed using the built-in Matplotlib graphic tool of PyMca software.[289] 
V2C spectra of the Kβ2,5 feature of ZnFe2O4 was obtained by detection of the emission energy in 
the range of 7085 eV to 7130 eV. 
 
 
4.1.5.3 Valence-to-Core X-Ray Emission 
 
Weak satellite signals created in the high-energy region of the Kβ XES line arise from the relaxation 
of electrons from the ligand valence orbitals into the metal 1 s shell, filling the 1s core hole. These 
valence-to-core (V2C) transitions are labeled Kβ2,5 and Kβ’’ and are very sensitive to both, electronic 
structure and local coordination, which is complementary information to XANES spectra.[296] This is 
why they provide valuable insights into chemical structures despite their very weak intensity (several 
hundred times weaker than Kα1 and Kα2)[296]. The core hole lifetime broadening determines the width 
of the V2C signals.[308] For basic principles of V2C measurement setup, the reader is referred to an 
article by E. Gallo and P. Glatzel.[308] The probability of the V2C excitation depends highly on the 
incident X-ray energy.[308] The lines originate from transitions involving the 2s and 2p orbitals of the 
ligands, which is why they are element-sensitive and present in metal oxide samples but absent in 
metallic samples.[311] Due to the sensitivity to the ligand and the metal electronic state, V2C-XES can 
provide insights into the changes of the electronic structure, if the spectra are recorded under 
operando conditions.[308]  
In the case of α-Fe2O3, the Kβ″ line is caused by electron transition between the hybrid orbitals 
formed of Fe d and O 2s orbitals, which are called cross-over transitions. As V2C is a sub-category of 
XES, the position of the Kβ″ line is highly sensitive to the ligand type but not to the bond length. As in 



















































Figure 4.7: Measured XES spectra of Fe3O4 and respective fits. 
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ferrites, all Fe3+ are coordinated by oxygen, no energy shift of the Kβ″ line is expected when comparing 
V2C XES spectra of ZnFe2O4 and MgFe2O4 with those of hematite or magnetite. 
The Kβ2,5 line originates from electron transitions of hybrid orbitals of Fe 3d and O 2p orbitals with 
metal p character to the 1s metal orbital.[308] They can provide information on the nature of the 
chemical bond. The high energy side of the Kβ2,5 line can show multi-electron features.[308] For distinct 
interpretation of the origin of the Kβ2,5 line, quantum mechanical calculation are necessary. A one-
electron approach can be used to describe the spectral features and gain insight into the nature of the 
chemical bonds. 
Interpretation of V2C XES spectra is possible by either quantum chemical calculations or 
comparison to V2C XES spectra of reference substances containing elements in a comparable chemical 
environment. For normal spinel ZnFe2O4, where the Fe K-edge emission was studied, comparison with 
hematite V2C XES reports from literature would be suitable as in both substances, Fe3+ ions are in 
octahedral oxygen coordination. 
The report by Nowakowski et al.[312] from 2017 showed, how resonant XES of the Kβ’’ signal in 
combination with XANES can be used to determine the band gap of different iron-based materials. 
They calculated both spectra types from RXES planes of Fe, α-Fe2O3 and Fe(NO3)3 · 9 H2O and 
determined the valence and conduction band position from the inflection points of these spectra. They 
calculated a band gap energy of 2.1 eV for α-Fe2O3 and 1.1 eV for Fe metal, which is contradictory to 
the metal character itself. Furthermore, they reported an edge shift of 10.8 eV for α-Fe2O3 in 
comparison to the Fe metal edge at 7112 eV. 
Bergmann and co-workers[305] studied the sensitivity of Kβ’’ signal to ligand type, bond distance and 
metal oxidation state in Mn compounds. They found the energy of the signal to depend strongly on 
the ligand characteristics, while its intensity decreased with increasing metal-to-ligand distance. With 
change of oxidation state of the Mn, the Kβ2,5 peak shifts by ≈1 eV per oxidation unit. This proves the 
applicability of V2C for determination of structural configuration in transition metal complexes. 
 
 
4.1.5.4 Resonant Inelastic X-Ray Scattering 
 
Resonant inelastic X-ray scattering (RIXS; sometimes also resonant X-ray emission spectroscopy 
RXES) is frequently considered as photon-in-photon-out spectroscopy. It is a second order process, 
where the 1s core hole is filled by a shallow electron, creating a core hole in the 2p shell as the final 
state. 
In 1s2p RIXS, the sample is resonantly excited to create a 1s core hole. Due to the resonant 
excitation close to the absorption edge, no ionization of the studied atoms occurs as the excited 
electron stays bound in the excited state, but a direct probing of the atoms and their photo-excited 
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electrons in bound states is possible. The 1s core-hole is then filled by an electron from the 2p shell, 
which creates a secondary core-hole in the 2p shell. As the resulting state with a 2p core hole is 
identical to the L2,3 edge spin-orbit split, this allows probing of soft X-ray features with hard X-ray 
excitation. The RIXS plane consists of a set of scans at constant emission energy, which were produced 
by varying excitation energy. The observed energy transfer reflects the energy, which remains in the 
sample after the final state is reached. The second order process of RIXS measurements is described 
by the Kramers-Heisenberg equation (equation (4.6, which is applicable for all resonant processes.[300]  
 
F(Ω,φ) = ∑ |∑
⟨f|T2|n⟩ ⟨n|T1|g⟩



















Here, Eg is the energy of the ground state |g⟩, Ef is the energy of the final state |f⟩, Ω is the excitation 
energy and φ is the emission energy. The intermediate state |n⟩ is reached by transition operator T1 
from the ground state. From this intermediate state, a decay process T2 leads to the final state. In 1s2p 
RIXS, a resonant excitation occurs from the ground state before photon absorption, which is 1s22p63d5 
for Fe3+, creating an intermediate state with a 1s core hole (1s12p63d6), which is equal to the final state 
in K-edge XAS. Consecutively, the 1s core hole is filled by a 2p electron, which leads to the final state 
of 1s22p53d6. This final state is equal to L-edge XANES, were a direct excitation of 2p electron into the 
3d valence is triggered. Because the final state is not identical with the ground state (compare 
Figure 4.2), local phenomena such as d-d or charge transfer transitions can be studied from the energy 
difference.[303]  
The Kramers-Heisenberg equation contains two Lorentzian line shapes for the absorption and the 
decay process, which have different line broadenings Γ. Due to this, spectra of K-edge like character 
are created during excitation, as this is dependent on the 1s core-hole lifetime, and spectra of L-edge 
like character along the energy transfer Ω-φ, which depicts the 2p core-hole lifetime broadening. The 
circular broadening of the RIXS plane maximum results from lifetime broadening of the 1s core hole in 
the intermediate state (for Eex) and the 2p hole in the final state (for Etransfer) (compare Figure 4.2).[313] 
As the final state shows smaller lifetime broadening, sharper features are obtained compared to 
conventional XAS. The effect is called “line shaping effect” and helps to better separate pre-edge 
features. Because the L-edge-like final state is reached via the intermediate state, RIXS spectra may 
contain more information than L-edge XAS spectra, but theoretical tools developed for L-edge 
absorption might not be applicable. The 1s2p RIXS decay corresponds to Kα1,2 fluorescence line in non-
resonant XES.[296] Usually, RIXS spectra are presented as 2D contour plots allowing a qualitative 
comparison between 1s X-ray absorption and 1s2p X-ray emission processes in different substances.  
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The report of de Groot and co-workers[300] from 2005 presented a comprehensive study on 1s2p 
RIXS for Fe2+ and Fe3+ iron oxide materials with octahedral or tetrahedral coordination, respectively. 
For α-Fe2O3, a diagonal structure was found, which indicates that the emission in this compound 
appears at a constant emission energy indicating that only one final state arises. They attributed this 
to the conservation of the electronic excitation during the decay step, i.e. the replacement of a 1s core 
hole with the 2p core hole.[300] The authors discussed the possibilities to obtain different cross-section 
1D plots for quantitative analysis from 2D RIXS planes. They showed, that a cross-section with constant 
incident energy is related to resonant XES spectra, whereas a cross-section with constant energy 
transfer implies, that for different excitation energies the same final states was reached. A diagonal 
line would be equivalent to a constant emission energy, which results in K-edge like XANES spectra 
with removed lifetime-broadening.  
For magnetite with Fe3+ in tetrahedral sites, significant 3d-4p orbital hybridization is allowed due 
to missing inversion symmetry. This leads to large 1s  4p dipole transition contributions in the pre-
edge feature. A 1.5 eV K-edge shift for magnetite was reported by Sikora et al.[313] The maximum of 
incident and transfer energy in the RIXS plane of Fe3O4 was observed at 7113.6 eV, 708.8 eV, which 
was attributed to tetrahedral Fe3+.[313] They ascribed the diagonal structure in the RIXS plane to non-
resonant fluorescence.  
 
4.2 Spectroscopic Methods 
4.2.1 Vibrational Spectroscopy 
Infrared and Raman spectroscopy are complementary analytical methods, which can provide 
valuable information on the strength of chemical bonds as well as the symmetry of compounds. They 
are based on vibrations of atomic bonds within molecules or solid compounds. In all systems having 
electron pairs shared between different atoms, a vibration of these bonds is possible.  
Depending on the nature of the bond, different 
amounts of energy are needed to excite the 
vibrations. For IR-active vibrations, the absorbed 
photon needs to match the resonance frequency of 
the vibration, which is described by the energy 
frequency relation (see equation (2.1)). 
Furthermore, the overall dipole moment of a 
molecule or periodic unit needs to change during 
vibration (see Figure 4.8). This is the case for non-
symmetric vibrations.[314] When the electron density 
of a molecule or periodic unit is changed during 
 
Figure 4.8: Examples of IR-ative and Raman-
active vibrations. 
4.2 Characterization Techniques − Spectroscopic Methods 
63  ꟾꟾ   
vibration, which means the polarization of the electronic shell, then this vibration is Raman-active (see 
Figure 4.8). Symmetric stretching vibrations are common examples for this. The deflection of the 
bonding partners is proportional to the oscillation energy by the proportional constant k. This constant 
includes the influence of the vibrational frequency νosc and the atomic masses of the bonding partners, 
which are described as reduced mass mred. The vibrational frequency νosc of a molecule consisting of 








According to equation (4.7), the vibrational frequency of a bond is high, if the bond energy 
described by k is large. In addition, with lightweight binding partners the oscillation frequency is high. 
Due to these bonding specific circumstances, IR- and Raman-active vibrations are characteristic for 
certain functional groups or building blocks within a molecular structure. This is also the case for 
geometrical units inside a solid compound. Depending on the geometry, bond lengths and bonding 
partners, different resonant frequencies are needed for vibrational excitation.[314]  
In IR spectroscopy, excitation with a broad spectral region of IR radiance (4000 – 400 cm-1) triggers 
various vibrations within a molecular or solid compound. The loss of intensity compared to the incident 
beam intensity is detected, resulting in transmission spectra. The more complex the connectivity and 
functionality within a molecule, the more complex the resulting IR pattern due to a high number of 
resonant vibrations, which can also overlap. Most vibrations can be assigned to typical functional 
groups or building blocks inside a molecule and are literature-known. The model of the harmonic 
oscillator is applicable for rough estimation of vibrational modes, but it is not sufficient to include also 
the complexity of higher vibrational modes or even dissociation of molecules due to absorption of a 
photon with high energy Ediss. For this purpose, the inharmonic oscillator resulting from the 
Schrödinger equation is more suitable (equation (4.8)).  
 
Eosc = h ∙ νosc (n + 
1
2











Here, a non-symmetric potential curve considers also the weakening of bonds with higher atomic 
distance. In addition, the quantization of energy absorption needs to be considered. This means, that 
absorption of energy quants is only possible if 
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Eosc = h ∙ νosc (n + 
1
2












is fulfilled. At n = 0, the molecule vibrates with a ground state energy. Higher n are called overtones. 
The number of fundamental vibrations z (at n = 0) can be calculated according to the following 
equations. 
 
linear molecules:  z = 3N ‐ 6 (4.10) 
non-linear molecules: z = 3N ‐ 5 (4.11) 
 
Here, z is the number of vibrational degrees of freedom and N is the number of atoms within a 
molecule. Vibrations can be divided into stretching vibrations, which go along with a change in bond 
length, and bending vibrations, which result from changing bond angles (compare Figure 4.8). 
 Raman spectroscopy is based on the Raman effect, named after Chandrasekhara Raman, who was 
awarded with the Nobel prize in physics for his discovery in 1930.[315] The Raman effect is based on the 
influence of incident light on the polarization within molecules and periodic units. Excitation to a virtual 
energetic level is caused by high-energy monochromatic light due to change in the polarization of the 
electron cloud. This creates a short-lived virtual state. The incident photon energy does not necessarily 
need to match the energy of the excited state. 
The underlying principle is the 
scattering of photons at the 
distorted electron clouds, which 
can be divided into two species: 
elastic scattering, so called 
Rayleigh scattering, and inelastic 
scattering, which is the basis of 
Raman spectroscopy. The 
inelastic scattering results from 
absorption or emission of energy 
in form of phonons, which transfers a molecule from its ground state into a higher or lower energetic 
state than before the scattering process. This can be described as: 
 
ΔE = Ei+1 ‐ Ei = h(νin ‐ vosc) (4.12) 




Figure 4.9: Processes during Raman spectroscopy. 
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The loss of energy due to phonon excitation creates a scattered photon with a lower frequency. 
This energy shift is called Stokes shift. In the opposite case, the photon gains energy from interaction 
with an oscillating molecule in its excited state, leading to a shift to higher frequencies, which is called 
Anti-Stokes shift. These processes are depicted in Figure 4.9. Here, Ei+1, Ei and Ei-1 are the respective 
energy levels involved in absorption and emission of the photon, νin is the frequency of the incident 
photon and νosc is the triggered oscillation due to inelastic scattering. As the amount of inelastically 
scattered phonons is small ( only one in 106 – 108 electrons)[316], the Stokes and Anti-Stokes shift is very 
weak (see Figure 4.9). Therefore, intense light sources (lasers) are needed to achieve detectable 
Raman signals. As the energetic change due to scattering is very small, the Stokes and Anti-Stokes lines 
are located close to the Rayleigh scattering. The Anti-Stokes shift need already excited states for 
increase of scattered photon energy, which is dependent on the thermal energy in the system. Because 
of this, at room temperature the Anti-Stokes signals are very weak compared to the Stokes signals. 
This is why for standard measurements, signals caused by Stokes scattering are detected.  
Raman-active vibrations in solids are characteristic values for a compound and can be predicted by 
group theory. The so-called lattice modes result from longitudinal and transversal propagation of the 
triggered vibrations throughout the whole crystal lattice. During this vibration, inter-atomic angles and 
distances change, causing a polarization of the electron shell of each atom, which can then trigger 
Stokes and Anti-Stokes scattering. The lattice modes are very sensitive towards crystal defects in solid 
compounds, as this changes the periodicity of the crystal lattice. 
 
 
4.2.1.1 Infrared Spectroscopy 
 
Fourier transformed infrared spectra (FTIR) were collected on an IFS25 FTIR spectrometer (BRUKER). 
Samples were pressed with KBr to obtain pellets, which were analyzed between 400 and 4000 cm-1 
with a step width of 4 cm-1. The obtained spectra were processed using OPUS 7.5 software (BRUKER) 
and OriginPro® 2016G (ORIGINLAB). 
 
 
4.2.1.2 Raman Spectrostopy 
 
Identification of the cubic spinel structure and the degree of inversion is possible via Raman 
spectroscopy. Cubic spinels typically show five first order Raman-active modes (Eg + 3 F2g + A1g).[216] 
Raman spectroscopy is especially suitable for detection of α-Fe2O3, of which even traces show intense 
characteristic features, namely the A1g mode at 225 cm-1 and Eg mode at 298 cm-1.[317] But also iron 
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oxide materials with very high structural similarity can be distinguished due to a shift in their Raman 
signals.[33,317] This makes Raman spectroscopy a powerful tool for iron oxide based materials. 
Raman spectra of all samples were obtained on a Senterra Raman microscope (BRUKER) equipped 
with a Nd:YAG laser (λ = 532 nm). Most thin films and nanoparticle samples were analyzed with a laser 
power of 2 mW. Sensitive samples were analyzed with 0.2 mW laser power. The magnification was set 
to 50x. Other parameters were adjusted in regard to the sample characteristics for generation of 
optimum spectra. A spectral resolution of either 3 – 5 cm-1 or 9 – 12 cm-1 was used, depending on the 
signal quality. In general, 40 co-additions and 20 seconds integration time were used. For low emission 
samples, 250 co-additions and 3 seconds integration time were chosen. The obtained spectra were 
processed using OPUS 7.5 software (BRUKER) and OriginPro® 2016G (ORIGINLAB). For samples coated on 
silicon wafers, the Si substrate Raman signal was subtracted. 
 
 
4.2.2 UV-Vis Spectroscopy 
 
Ultraviolet-visible light (UV-Vis) spectroscopy was conducted on a Lambda 750 UV/Vis-NIR 
spectrometer from PERKIN ELMER in either diffuse reflectance (DR) or transmission (TR) mode. For DR 
mode, the spectrometer was equipped with a Praying-Mantis mirror unit. BaSO4 was used as a white 
standard in DR mode. DR spectra were recorded between 2300 – 200 nm with 1 nm step width. To 









From this, band gaps of solid samples were calculated from their Tauc plots.[318] Here, (F(R)hν)
1
n is 
plotted against the excitation energy (in eV). Linear fitting of the absorption increase gave indirect 
band gaps n = 2 and direct band gaps for n = ½. For solution TR mode, blank solutions of the 
corresponding solvent mixture were used. Non-coated glass substrates were utilized as blank samples 
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For thermogravimetric analyses (TGA), a STA409PC thermo-scale (NETZSCH) equipped with a 
QMG421 quadrupole mass spectrometer (MS, 70 eV ionization energy, BALZERS) was used. Samples 
were heated from 30 °C to 800 °C with a heating rate of 5 °C min-1 in synthetic air (80 % N2, 20 % O2).  
4.4 Electron Microscopy 
4.4.1 Scanning Electron Microscopy 
 
Scanning electron microscopy images (SEM) were collected on a MERLIN field emission scanning 
electron microscope (FE-SEM, ZEISS) with an accelerating voltage of 3 keV, a sample current of 90 pA 
and a working distance of 2.5 ± 1 mm. 
 
4.4.2 Transmission Electron Microscopy  
 
For transmission electron microscopy (TEM) and Selected Area Electron Diffraction (SAED) analysis, 
samples were dissolved in ethanol or toluene in low concentrations and subsequently drop casted on 
carbon-coated cupper grids (PLANO). TEM images were taken on a CM30 (PHILLIPS) with 300 kV 
acceleration voltage and analyzed using ImageJ software.[319] 
 
4.4.3 Energy-Dispersive X-Ray Spectroscopy 
 
Energy-dispersive X-ray (EDX) spectra were collected on an X-Max 50 energy dispersive X-ray 
spectroscopy analyzer (OXFORD INSTRUMENTS) with an accelerating voltage of 10 keV, a sample current 





The benefit of gas physisorption is the profound characterization of porosity in solid materials, 
which allows determination of the specific surface area S, average pore volume Vp, average pore size dp 
and pore size distribution from only one measurement by application of suitable analysis models. The 
International Union of Pure and Applied Chemistry (IUPAC) divides between three pore sizes: 
micropores with diameters smaller than 2 nm, macropores with diameters larger than 50 nm and 
mesopores covering the pore sizes between micro- and macropores.[320] 
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For surface analysis, the mechanism of adsorbing gas molecules on solid surfaces is used. Gas 
molecules are taken as rigidly shaped spheres occupying a defined area σm inside a monolayer. The 
amount of adsorbing gas (adsorbent) necessary to cover the surface area (S) of a certain compound 
(adsorbate) with a monolayer of gas molecules can be described as monolayer capacity nm
a , which 
includes also the Avogadro constant NA. 
 
nm






Due to this, the amount of adsorbed molecules per surface at a certain temperature and pressure 
is constant. By variation of the gas pressure, different amounts of gas can be adsorbed. This volumetric 
approach allows the characterization of porosity by systematic analysis of the increased gas 
adsorption. During gas adsorption, the adsorption branch of an isotherm is recorded and weak dipole-
dipole interactions and Van der Waals forces appear. During desorption, these forces need to be 
overcome, leading to a desorption branch, which might not be identical to the adsorption branch 
depending on the sort of porosity within the analyzed sample. The IUPAC defines different kinds of 
physisorption isotherms, which are depicted in Figure 4.10. 
 
 
Figure 4.10: Different types of physisorption isotherms 
according to the IUPAC classification.[321] 
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Reversible type I isotherms are typical for 
microporous materials with small external 
surfaces. In contrast, type II and type III 
isotherms, also being reversible, are usually 
found for non-porous and macroporous 
materials with monolayer formation (type II) or without monolayer formation (type III). Type IV 
isotherms typically appear in mesoporous samples with large mesopores (> 4 nm for N2, type IV(a)) or 
smaller mesopores (type IV(b)). Type V isotherms appear for mesoporous materials with weak 
adsorbent-adsorbate interactions and reversible type VI isotherms is typical for layer-by-layer 
adsorption on non-porous materials. As seen for type IV(a) and type V isotherms, hysteresis occurs due 
to multilayer adsorption and therefore capillary condensation of the adsorbent inside the mesopores. 






For mesoporous materials with uniform pores, H1 hysteresis is typical. In more complex pore 
structures, network effects become prominent influencing the hysteresis. Pore blocking can occur, 
which lead to type H2(a) (narrow size distribution of the pore necks) and type H2(b) loops (wider size 
distribution of the pore necks). H3 loops can be found for nanoparticle agglomerates and pore 
networks with partially filled macropores, whereas H4 loops are typical for aggregated microporous-
mesoporous materials, e.g. zeolites. Samples containing both open and partially blocked mesopores 






Figure 4.11: Different types of hysteresis loops according to the IUPAC classification.[321] 
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can affect the desorption path of a physisorption isotherm, which is why in such samples, the 
adsorption branch should be considered for further analysis. 
Based on the assumptions made in equation (4.15), the adsorbed volume Vads of gas can be directly 
correlated to the gas pressure p. At low relative pressures p/p0, surface area determination by BET 
model (equation (4.16), named after S. Brunauer, P. H. Emmett and E. Teller) is applicable.[322] This 
widely used model incorporates multimolecular adsorption layers by respecting, that the forces being 
active during gas adsorption are also responsible for multimolecular adsorption.  
 
p













The linearized form allows to construct a plot of p/(Va(p0-p) vs. p/p0, which can leads to a straight 
line, from which the BET constant C and the volume of a monolayer Vm can be obtained. The value of 
C is indicative for the quality of the BET fit. If C is < 5, the BET model cannot be applied.[321,323] From the 
volume of the monolayer Vm, the specific surface area SBET can be calculated by assuming a closed 
packing of gas molecules (of mass m) within the monolayer, which is expressed by 
 





As evident from (4.17), the specific surface area is proportional to the atomic mass of the 
adsorbent. Nitrogen is traditionally used for physisorption experiments at 77 K due to its abundance 
and well-defined adsorption behavior on many materials. At 77K, σm for N2 in a closely packed 
monolayer is assumed to be 0.162 nm². But because of the quadrupole moment within the N2 
molecule, it was recently found, that molecule’s orientation of a surface is strongly dependent on the 
adsorbent-adsorbate interactions leading to an uncertainty of σm up to 20 %.[324] 
Argon (Ar) and krypton (Kr) seem to be suitable alternatives to N2, as they do not obtain a 
quadrupole moment. But at 77 K both gases are below the bulk triple point temperature, which is why 
their bulk reference state is not well-defined at this temperature. For Ar, gas adsorption at 87 K can 
overcome this problem resulting in a constant σm of 0.142 nm². For Kr, the cross-sectional value is still 
not well defined at this temperature. Commonly used values vary between 0.17 - 0.23 nm².[321] 
Nevertheless, due to a large molecular mass and much lower saturation pressures compared to Ar and 
N2, Kr physisorption is very sensitive and advantageous for analysis of samples with low specific surface 
areas, which is the case for porous thin films on non-porous substrates. 
In case of C values < 5 from BET analysis, the Langmuir data reduction model should be applied.[323] 
This is more applicable to the case of chemisorption, assuming the formation of gas monolayers on 
solid surfaces. The linearized form (4.18) is plotted as p/Vads versus p, enabling a linear fit of 
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measurement data in low pressure range. In this equation, KL is an empirical constant called Langmuir 













The specific surface area resulting from Langmuir approach SL is described in (4.19), where Vmol is 








For many years, estimation of the pore size was performed using the Kelvin equation. From this, 
further specification led to more developed methods. Nowadays, the model from Barrett, Joyner and 
Halenda (BJH) is widely used. It combines the Kelvin equation with a standard isotherm (t-plot), 
considering the desorption of pre-adsorbed multilayer films in cylindrical pores. However, BJH method 
significantly underestimates the pore size of mesopores smaller than 10 nm by up to 30 %.[321] 
Furthermore, as only the desorption branch of the isotherm is taken into account, network effects and 
bottle-neck pores can lead to misleading results. Alternatively, density functional theory (DFT) 
methods are on the rise. They describe the adsorption and phase behavior of fluids in confined solid 
spaces on a molecular level and are therefore also valid for small pores.[325] The liquid-solid interaction 
potential of the molecules strongly depends on the pore shape, which is why various pore shapes (e.g. 
slit, cylindrical, spherical) and different adsorbates can be chosen (carbon, zeolites, silica). With DFT 
based methods, which are already commercially available and also mentioned in ISO standard 




4.5.1 N2 Physisorption 
 
N2 physisorption measurements of nanoparticle and mesoporous powder samples were 
performed on a Quadrasorb evo (QUANTACHROME) at 77 K. All samples were degassed at 120 °C prior to 
the measurement. Data analysis was performed using ASiQWin software (Version 4.0, QUANTACHROME). 
A first evaluation of N2 physisorption data using BET method revealed C values lower than zero, 
indicating a non-ideal adsorption behavior of nitrogen on the samples surfaces. Instead, surface area 
of ferrite nanoparticle and powder samples was determined by Langmuir model with linear fit of the 
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adsorption isotherm below p/p0 = 0.35. The correlation coefficient was found > 0.99 for all analyzed 
samples. The adsorption branch was chosen, as desorption can overshadow pore blocking effects in 
porous samples. 
In this work, non-local DFT (NLDFT) was chosen for pore volume and pore size analysis of all 
reported samples. For pore analysis, a suitable model needs to be applied. As there was no model for 
iron oxide materials, NLDFT model of gas adsorption on silica (cylindrical pores) was chosen for analysis 
of nanoparticle and powder samples. To exclude effects of pore blocking, only the adsorption branch 
of N2 physisorption isotherms was analyzed. To see if this a suitable model system, NLDFT fits were 




The fitting errors vary between 1.8 % and 2.5 %, indicating reasonably well fitted isotherms. For 
higher relative pressures, the fitting is very accurate but in the range of p/p0 = 0.1 – 0.5, the fitting has 
lower quality. As this area has only negligible influence on the calculation of the pore diameter dp, all 
NLDFT fits were accepted for data analysis. 
 
4.5.2 Kr Physisorption 
 
Krypton physisorption measurements at 77 K were conducted with an AUTOSORB-iQ setup 
(QUANTACHROME). All thin films were degassed prior to the physisorption measurements at 120 °C 
for 60 hours or 300 °C for 5 hours, respectively. Data analysis was performed using ASiQWin software 
(Version 4.0, QUANTACHROME). The BET model was used for surface area determination, as C constant 
values showed sufficient quality (all > 20). The cross-sectional area was chosen to be σm of 0.205 nm² 
per Kr atom. 
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Figure 4.12: Fitting comparison (NLDFT adsorption model) of N2 physisorption data for ZnFe2O4 porous powders 
calcined at a) 300 °C and b) 600 °C. 
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4.6 Characterization of Colloidal Solutions 
 
Wolfgang Ostwald was one of the first researchers to investigate the features of nanosized colloidal 
compounds. With his publication in 1948, he created the basis for modern nanomaterials and colloid 
research.[326] Nobel laureate Hermann Staudinger divided colloids into three groups: dispersoid colloids 
(lyophobic), micellar colloids (lyophilic, e.g. surfactants), and molecular colloids (lyophilic, e.g. 
polymers).[327] 
A theory to describe the stability of lyophobic 
colloids was described by Derjaguin, Landau, 
Verwey and Overbeek and is widely known as 
DLVO theory.[329,330] It describes an energy course 
depending on the particle-particle distance and 
is shown in Figure 4.13. Evraers et al. described 
all interactions within a colloidal system as sum 
of the individual Lennard-Jones-potentials of 
each nanoparticle.[331] The Lennard-Jones-
potential φLJ is the sum of attractive and 
repulsive forces φA and φR, which depend on the 
permittivity of the solvent ε and the particle 
size a. As attractive forces, Van der Waals, 
London and dipole-dipole interactions need to be mentioned. Typical repulsive forces are Born 
repulsion and bilayer repulsion. Generally, the attractive interaction ϕA between two particles is 
described as 
 








and the repulsive forces ϕR due to Born repulsion are defined as 
 








Here, a different dependence on the interparticle distance D becomes evident. The attractive 
interactions are proportional to D-6, while the repulsive ones are proportional to D-12. Therefore, a 
critical distance between the particles can be found, where the attractive forces exceed the repulsive 
 
Figure 4.13: Potential curve according to DLVO theory 
adapted from Sahabi et al.[328] 
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2π r ε0 ε κ Ψ²
κ
e‐κ(D ‐ 2r) 
(4.22) 
 
Here, Ψ is the surface potential, ε is the permittivity of the solvent, and κ is the inverse screening 
length. The resulting potential ϕDLVO (4.23) and its components are depicted in Figure 4.13. 
 
ϕDLVO = ϕA +  ϕR +  ϕEL = ϕLJ +  ϕEL (4.23) 
 
Due to the interplay of the different forces, minima and maxima occur. The secondary minimum 
at large particle distances is the region of colloidal stability. When the interparticle distance decreases, 
a maximum is reached due to repulsive forces, which marks the energy barrier for coagulation. With a 
large energy barrier, coagulation is unlikely and the colloid is referred to as stable. With low energy 
barriers close to zero, the interparticle distance shortens easily, shifting the energy into the primary 
minimum. Then, coagulation appears, which is irreversible.  
Two forms of stabilization of dispersoid colloids are common, namely steric and electrostatic 
stabilization, which are schematically shown in Figure 4.14. Steric stabilization appears, when 
nanoparticles are functionalized with long-chain 
organic molecules or polymers. The organic 
functionalities bound to the nanoparticle surface 
show repulsive effects due to steric interaction. 
Therefore, the distance cannot fall below the length of 
the organic moieties, which prevents coagulation. This 
mechanism is only active, if the surrounding solvent 
matches the polarity of the steric units, as only this 
allows them to unfold to their full length.  
When particles are immersed in a solvent, different attractive and repulsive forces occur. In 
aqueous solution, OH groups are formed at the surface of metal oxide nanoparticles. Depending on 
the pH value of the solution, these OH groups will be protonated or deprotonated, resulting in a 
charged surface of the bare nanoparticle.  
 
Figure 4.14: Steric and electrostatic stabilization 
in dispersoid colloids. 
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With electrostatic stabilization, the stabilizing 
ligand accumulates at the nanoparticle surface due 
to attractive interactions between the oppositely 
charged surface and the ligand ions. As a result, an 
electric double layer is generated (see Figure 
4.15).[332] Due to the stronger repulsion of these 
highly-charged nanoparticles, the energy barrier is 
increased, which leads to more stable colloids. In 
close proximity to the solid surface, an immobile 
double layer of ligand ions is formed, which is 
called Stern layer (after Otto Stern)[333], followed by 
a diffuse layer of ligand ions. This diffuse layer is 
mobile, but still strongly attracted by the charged 
solid surface. The interface between the diffuse layer and the solution, where all ions are statistically 
distributed, is called slipping plain. The interfaces between the layers have specific potentials, which 
are the Nernst potential at the solid-liquid interface, the Stern potential between the Stern layer and 




4π ε0 ε a
 (4.24) 
 
Colloidal solutions are called stable, when their zeta potential is either larger than 30 mV or lower 
than -30 mV.[332] With zeta potentials in between these values, coagulation or agglomeration can 
occur, depending on the zeta potential strength. At a zeta potential of 0 mV, the isoelectric point (IEP) 
is reached. The potentials caused by the ions are dependent on the ionic strength and their 
concentration in solution. The minimum concentration to prevent coagulation is called critical 
coagulation concentration (ccc), which is described by the Schulze-Hardy-rule.[334]  
As the energy barrier is large when attractive forces are low and repulsive forces are high, several 
parameters can increase this barrier. Mainly, the surfactant concentration has a strong influence. It 
can increase the zeta potential and therefore also the repulsive interactions. In addition, the particle 
size plays an important role concerning the attractive and repulsive interactions according to 
equations (4.20) and (4.21). This is one reason, why stable colloids of small nanoparticles can be 
obtained more easily, whereas large particles (several micrometers) heavily tend to agglomerate. 
When nanoparticles, which are functionalized with non-polar ligands, are exposed to polar 
solvents, the organic molecules constringe and the steric repulsion is lost, leading to coagulation. If 
only coagulation occurred, then exposure to non-polar solvents leads to unfolding of the steric units, 
resulting in stable non-polar colloids again. This can be used to purify freshly synthesized non-polar 
 
Figure 4.15: Formation of electric double layer. 
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colloids from synthesis residues, as this is a common washing procedure for sterically stabilized colloids 
and was also applied in the present work.  
Destabilization of electrostatically stabilized colloids is caused by dilution of the solution or 
addition of strong ionic substances, as this changes the potential of the solution. Usually, this 
destabilization is non-reversible. For soft destabilization, a polar organic solvent (e.g. acetone) can be 
carefully added, which would allow redispersion in the original solvent after removal of the 
precipitation agent. This technique was used for purification of electrostatically stabilized ferrite 




4.6.1 Dynamic Light Scattering 
 
The hydrodynamic radius of surface-functionalized nanoparticles was analyzed using dynamic light 
scattering (DLS). Diluted solutions of stabilized nanoparticles in suitable solvents (e.g. water, toluene) 
were measured at a Zetasizer Nano ZS (MALVERN) at a temperature of 25 °C. The scattered laser beam 
(He/Ne, λ = 633 nm) was detected in an angle of 173°. Every sample was measured five times to 
calculate average hydrodynamic diameters according to the particle number distribution. A refractive 




4.6.2 Zeta Potential measurements 
For information on their zeta potential, aqueous solutions of electrostatically stabilized 
nanoparticles were measured at a Zetasizer Nano ZS (MALVERN) Samples were filled into a 
polycarbonate DTS capillary cuvette (MALVERN) and placed into the device at a temperature of 25 °C at 
the original pH value of the investigated solution (8 mg mL-1). Every sample was measured three times 




4.7 Photocatalytic Degradation Experiments 
 
For photocatalytic degradation experiments, aqueous solutions of rhodamine B (c = 10-5 mol L-1) 
and tetracycline (c = 10-4 mol L-1) were prepared. A defined volume of 20 mL of model compound 
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solution was transferred into a glass vessel, which was wrapped with aluminum foil to exclude 
scattered light. For blank experiments, only the freshly-synthesized solutions were used. For all other 
experiments, 10 mg of photocatalyst was added to the solution, leading to a nanoparticle 
concentration of 0.5 mg mL-1. Sufficient homogenization was achieved by permanent treatment inside 
an ultrasonic bath operated at 100 % power and 37 kHz, which was equipped with a cooling system to 
maintain the temperature at 20 °C. The experimental setup is shown in Figure 4.16. 
Before the samples were exposed to solar light, the reaction mixtures were treated in an ultrasonic 
bath in the dark for 30 min to achieve an adsorption-desorption equilibrium. Then, the solutions were 
placed underneath the solar simulator (150 W, NEWPORT ORIEL Sol 1A). The photon flux of 
9.246 ∙ 10−7 mol s-1 was determined by ferrioxalate actinometry prior to the experiments. 
Of each sample, 3 mL of solution were taken at the start of the experiment, after 30 min 
equilibration in the dark and every 30 min during the illumination period. These solutions were then 
centrifuged for 5 min at 10000 rpm to remove the solid photocatalyst, before measuring 








4.8 TOC Analysis 
 
The analysis of total organic carbon (TOC) is based on the combustion of organic compounds, which 
are dissolved in aqueous solutions. The evolving carbon dioxide (CO2) is detected via IR photometry. 












Figure 4.16: Experimental setup used for photocatalytic degradation of model compounds. 
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All measurements were performed on a 2010 K1 model (DIMATOC). The samples were acidified to 
convert inorganic carbonates into CO2. This inorganic CO2 is then removed by degassing with synthetic 
air. Afterwards, 100 μL of the aqueous sample are injected into a reactor at 850 °C to burn the sample 
in O2 atmosphere. The emerging CO2, which results from all organic compounds contained in the 







4.9 Photoelectrochemical Methods 
 
 All photoelectrochemical measurements were 
performed on a Zennium potentiostat (ZAHNER) using a 
three electrode combination. Samples were mounted as 
working electrodes in a PTFE cell with quartz window 
(ZAHNER, Figure 4.17), which was also equipped with a 
platinum wire counter electrode. The reference electrode 
was Ag/AgCl in 3 M NaCl solution. A glass junction filled with 
3 M NaCl was used to protect the reference electrode from 
corrosive electrolyte solution. For experiments under 
illumination, the illuminated area was fixed to 1 cm².  
 
 
4.9.1 Mott-Schottky Measurements 
 
Mott Schottky measurements were performed in the dark, sweeping the potential by 50 mV s-1. 
The analysis range and scanning direction were chosen in regard to the estimated band positions and 
semiconductor doping type of the analyzed samples. For ZnFe2O4 mesoporous photoanodes, the 
potential was changed from 1.63 VRHE to 0.18 VRHE with a sweep of 50 mV s-1, for MgFe2O4 it was 
changed from 1.63 VRHE to 0.18 VRHE with a sweep of 10 mV s-1 and for CaFe2O4 it was changed from 
0.20 VRHE to 1.40 VRHE with a sweep of 10 mV s-1. The frequency was set to 100 Hz and the potential 
amplitude was 5 mV. Flat band potentials and donor densities were calculated using the Mott Schottky 
 
Figure 4.17: PEC cell (adapted from 
ZAHNER).[336] 
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equation (equation (2.7). The relative permittivity of the absorber materials were assumed to be 
ε(ZnFe2O4) = 150[337], ε(MgFe2O4) = 32[274] and ε(CaFe2O4) = 10[338]. 
 
 
4.9.2 Photocurrent Measurements 
 
For photocurrent measurements under continuous and discontinuous irradiation, two different 
light sources were used. On the one hand, a white light LED (1000 W/m², λ ≥ 400 nm, ZAHNER) was used 
for evaluation of the photoactivity during visible light excitation. On the other hand, one sun 
illumination was used employing a Xe arc light source (300 W, LOT-QUANTUMDESIGN) equipped with an 
AM 1.5 G filter operated in a distance of 16 cm from the working electrode surface. The potential range 
was chosen in regard to the analyzed compound. For p-type semiconductor CaFe2O4, the potential was 
shifted from more negative values to more positive values with a slew rate of 5 mV s-1. For n-type 
semiconducting MgFe2O4 and ZnFe2O4, the potential range was scanned vice versa with the same 
sweep rate. For discontinuous illumination experiments, a period of 5 s illumination time followed by 
5 s of dark conditions was chosen. In some cases, 10 s of illumination and 10 s of dark conditions was 
used for better identification of the equilibrium state.  
 
 
4.9.3 Incident Photon-to-Current Conversion Efficiency 
 
For IPCE measurements, the TLS unit from ZAHNER was used. The measurements were conducted at a 
constant potential of 0.1 V and a frequency of 100 mHz. For front side illumination, the installed LEDs 
with wavelengths at λ = 292, 308, 318, 339, 358, 368, 385, 397, 408, 429, 455, 479, 523, 532, 574, and 
593 nm were utilized. The measurements were performed in the presence as well as in the absence of 
suitable sacrificial agents to characterize the photoelectrode materials. 
 
 
4.10 Time of Flight Secondary Ion Mass Spectrometry 
 
Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements were performed with a 
5-100 model (ION-TOF GMBH) in the negative mode. Bismuth ions (Bi+) were accelerated with 25 keV 
and with a cycle time of 60 s. Depletion of a 200 x 200 nm² large area of the solid compound was 
realized with Cesium ions (Cs+, 1 keV). From this, an inner area of 100 x 100 nm² was analyzed. After 
0.5 s of delay, 1 s in 10 s sputter time was used to record a mass spectrum.   
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5 Results and Discussion 
5.1 Nanoparticles 
5.1.1 Ferrite Nanoparticles 
5.1.1.1 Microwave-Assisted Synthesis of Ferrite Nanoparticles 
 
Synthesis efforts to produce phase-pure ZnFe2O4 and MgFe2O4 nanoparticles were based on a 
procedure reported by Suchomski and co-workers.[106] This approach was developed for microwave-
assisted synthesis of very small ZnFe2O4 nanoparticles. Adjustment regarding the synthesis 
temperature alongside adaption for synthesis of MgFe2O4 were made prior to the start of this work.[339] 
The optimized conditions (30 min 275 °C) under microwave-assisted synthesis were used as basis for 
all further experiments described in this thesis. For both, ZnFe2O4 and MgFe2O4, spherical crystalline 
nanoparticles of were obtained after 30 min of microwave-assisted synthesis at 275 °C according to 
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Figure 5.1: a) XRD patterns, b) Raman spectra and c-d) DR-UV/Vis spectra recorded for ZnFe2O4 and MgFe2O4 
nanoparticles obtained from microwave-assisted synthesis (d) adapted from literature)[1]. 
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As shown in Figure 5.1a, all reflections detectable in the XRD patterns can be assigned to reference 
patterns (JCPDS card no. 22-1012 for ZnFe2O4 and JCPDS card no. 36-0398 for MgFe2O4). An average 
crystallite size of 8.6 nm for ZnFe2O4 and 3.2 nm MgFe2O4 was achieved according to Rietveld 
refinement (Table 9.1). For cubic spinel (AB2O4) compounds, five Raman active modes originate from 
lattice vibrations in tetrahedral (AO4) or octahedral (BO6) coordination.[216] The predicted modes were 
found in the Raman spectra (see in Figure 5.1b). All vibrations found below 600 cm-1 result from BO6 
vibrations. For ZnFe2O4, a very distinct F2g mode can be seen. Additionally, two F2g and an Eg modes of 
rather weak intensity match literature reports.[216] The A1g mode, which originates from tetrahedral 
lattice vibrations, consists of a mode at 702 cm-1 and a shoulder at 653 cm-1 due to partial inversion of 
the normal spinel structure. This was already reported by Thota et al.[340] A similar pattern can be seen 
for MgFe2O4. A qualitative difference between MgFe2O4 and ZnFe2O4 is visible. Especially the F2g and Eg 
modes are more intense for MgFe2O4, while ZnFe2O4 shows only one prominent F2g. This difference 
occurs due to different degree of inversion. ZnFe2O4 is reported to be a normal spinel with only very 
low degree of inversion, while nanosized MgFe2O4 is reported to have random cation 
distribution.[219,341] Therefore, in both ferrites the octahedral and tetrahedral lattice sites are not 
equally occupied by B3+ and A2+ ions.  
Tauc plots from DR-UV/Vis spectra are shown in Figure 5.1c-d. The direct band gaps are found to 
be 2.69 eV and 2.87 eV for ZnFe2O4 and MgFe2O4, respectively, which arise from charge transfer 
excitation from oxygen ligands to Fe3+. The indirect band gaps, being smaller, were found to be 2.04 eV 
and 2.20 eV. They are attributed to the Fe3+ d-d transition. This suggests that both ferrite compounds 
are indirect band gap semiconductors (compare Figure 2.8), which makes them suitable for 
photocatalytic applications due to longer-lived charge carriers. The values match well with reports 
from literature.[246,342–344] As the average crystallite size of MgFe2O4 is much smaller compared to 




Figure 5.2: TEM images of microwave-derived a) ZnFe2O4 and b) MgFe2O4 nanoparticles. 
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TEM images depicted in Figure 5.2 reveal the spherical, monocrystalline nature of ZnFe2O4 and 
MgFe2O4. The difference in particle size is consistent with average crystallite sizes obtained by Rietveld 
refinement. For ZnFe2O4, an average particle size of 10 nm was estimated according to TEM analysis. 
MgFe2O4 nanoparticles were found to be significantly smaller (around 5 nm). Besides, a strong 
tendency for agglomeration can already be estimated from the size of agglomerates shown in TEM 
images. 
In contrast to magnesium and zinc derived spinel compounds, it was not possible to synthesize 
CaFe2O4 via the microwave-assisted approach. One reason for this is the significantly different thermal 
stability of the chosen precursors. The thermal decomposition of different acetylacetonate precursors 






From TG and DTG data, it becomes evident, that Fe(acac)3 and Zn(acac)2 show similar 
decomposition behavior with main mass losses at 226 °C, which are due to decomposition of the 
acetylacetonate backbone indicated by MS traces of organic fragments (m/z = 15; 43; 44; 58). With 
Mg(acac)2, this decomposition occurs at 276 °C, which meets the reaction temperature. For all 






























































































































































































































































































Figure 5.3: TG, DTG and MS traces of a) Fe(acac)3, b) Zn(acac)2, c) Mg(acac)2 and d) Ca(acac)2. 
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detected for Fe(acac)3, Zn(acac)2 and Mg(acac)2 at higher temperatures up to 491 °C indicate complete 
mineralization of the acetylacetonate precursor to CO2 and H2O (m/z =15; 18). In contrast, Ca(acac)2 
shows a very different thermal decomposition pattern with a multistep weight loss profile in TG 
analysis (Figure 5.3d). Although the main decomposition step at 264 °C meets the temperature of 
275 °C used in a typical synthesis, the complexity of decomposition might lead to slower reaction 
kinetics compared to Fe(acac)3, therefore inhibiting calcium incorporation. The microwave-assisted 
synthesis with very fast reaction course might not be beneficial for synthesis with precursors showing 
delayed decomposition behavior. Furthermore, the synthesis path with choice of precursors, solvent 
and maximum synthesis temperature was designed for fabrication of spinel type ferrites. As already 
discussed, CaFe2O4 obtains an orthorhombic structure with distorted octahedra. With this more 
complex structure, the synthesis path developed for ZnFe2O4 by Suchomski et al.[106] and adapted for 
MgFe2O4[1] might not be applicable for CaFe2O4. Due to this, synthesis of CaFe2O4 under microwave-
assisted synthesis conditions was not pursued any further. 
 
 
5.1.1.2 Variation of Synthesis Period 
 
As already mentioned, prior to this work the optimization of MgFe2O4 nanoparticle synthesis in 
terms of reaction temperature was investigated and discussed[339]. Consequently, in this work the 
influence of synthesis time on the formation of ZnFe2O4 and MgFe2O4 nanoparticles will be elucidated. 
For this, the synthesis time at 275 °C was varied between 10 min and 30 min. Development of 
crystallite formation was followed by XRD analysis (Figure 5.4a). Again, after all reaction periods, phase 
pure ferrite nanoparticles were obtained as comparison with reference patterns suggests. 
The data was evaluated using Rietveld refinement to obtain average crystallite sizes and 
microstrain values of all samples (Figure 5.4b, for details see Table 9.1). As evident, ZnFe2O4 
nanoparticles show significantly larger crystallite sizes compared to MgFe2O4. This might be assigned 
to the lower decomposition temperature of Zn(acac)2 (226 °C), which leads to higher free Zn2+ 
concentration in solution, when the reaction is performed at 275 °C. Due this higher oversaturation, 
larger particles can grow. The crystallite size increases only slightly when comparing samples obtained 
after 10 min and 30 min of synthesis time. The same trend can be seen for microstrain, which slightly 
decreases with increasing nanoparticle size. Inhomogeneous microstrain, which causes peak 
broadening in XRD reflections, is an indicator of crystal defects such as interstitials or vacancies. As the 
value stays almost constant for all synthesis periods, there was no influence found on the defect 
concentration of microwave-derived MgFe2O4 and ZnFe2O4 nanoparticles. 
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The minor influence on the average crystallite size and microstrain of the obtained ferrite 
nanoparticles underlines the very fast reaction course of microwave-assisted synthesis, which is 
beneficial if highly crystalline materials are desired after short synthesis time. 
 
 
5.1.1.3 Variation of the Reaction Setup 
 
The aforementioned synthesis approach was developed and optimized for microwave-assisted 
synthesis. To evaluate, whether this approach is also applicable for standard high temperature 
synthesis, ZnFe2O4 nanoparticles were produced after the procedure described in chapter 3.2.1.1. The 
resulting nanoparticles are compared to microwave-derived nanoparticles. 
Phase purity was confirmed using XRD and Raman analysis. The results depicted in Figure 5.5 show 
as-synthesized ZnFe2O4 from microwave-assisted (microwave) and high temperature reflux (batch) 
reaction paths. All reflections in the XRD patterns shown in Figure 5.5a-b match well with the reference 
pattern (JCPDS card no. 22-1012). An additional reflection detected at 32° 2Θ for the batch-derived 
sample was assigned to an artefact caused by the sample holder and is marked with * in Figure 5.5b. 
Rietveld refinement gave comparable average crystallite sizes and microstrain values. Besides, all 
Raman vibrations (Figure 5.5c) were attributed to pure ZnFe2O4 phase.[216] IR spectra recorded for both 
samples (Figure 5.5d) show vibrations at 554 cm-1 for tetrahedral stretching and 420 cm-1 for 
octahedral stretching assignable to ZnFe2O4.[345] In addition, weak aliphatic C-H stretching and bending 
vibration signals at 2917 cm-1 and 1017 cm-1 as well as clear signals for carbonyl group stretching 
vibrations at 1555 cm-1 and 1418 cm-1 can be assigned to organic precursor residues and solvent 
molecules still present at the surface. The broad vibration around 3400 cm-1 typical for O-H stretching 
vibrations with hydrogen bridging interaction indicates adsorbed water molecules.[314] 
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Figure 5.4: a) XRD patterns as well as b) crystallite sizes (above) and microstrain values (below) of microwave-
derived ZnFe2O4 and MgFe2O4 nanoparticles obtained after different synthesis periods. 
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TEM images (Figure 5.6) show spherical nanoparticles of rather uniform size, which are 
monocrystalline. Both, shape and size, found for batch-synthesized ZnFe2O4 nanoparticles match the 
results from microwave-assisted synthesis (compare Figure 5.2a). The heavily agglomerated sample 
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Figure 5.5: Rietveld refinements of a) microwave-derived and b) batch-synthesized ZnFe2O4 (* marks a reflection 
caused by the sample holder) as well as their c) Raman spectra and d) IR patterns. 
Figure 5.6: TEM images of batch-synthesized ZnFe2O4 nanoparticles. 
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For well-dispersed nanoparticles, surface functionalization would be necessary, which will be 
discussed later on (see chapter 5.2). In general, both samples exhibit comparable crystallite sizes, 
microstrain values and surface agents alongside their highly phase pure nature. This allows the 
conclusion, that high temperature reflux synthesis according to the developed synthesis 
(chapter 3.2.1.1) is well suitable for production of phase pure, crystalline ZnFe2O4 nanoparticles, if 
there is no microwave reactor available.  
However, the attempt to produce MgFe2O4 nanoparticles via reflux synthesis was not successful, 
as the Mg(acac)2 used as magnesium precursor was not decomposable at the maximum reflux 
temperature. Therefore, only microwave-derived nanoparticles are subject of this thesis.  
 
 
5.1.1.4 Post-synthetic Calcination of Zinc Ferrite Nanoparticles 
 
As neither the synthesis time nor the synthesis setup influences the size, a post-synthetic heat 
treatment was applied for ZnFe2O4 nanoparticles to identify the impact of calcination on the crystallite 
size and phase purity. For the influence of post-synthetic thermal treatment on microwave-derived 
MgFe2O4 nanoparticles, the reader is referred to a report by A. Becker, which investigated this aspect 
in detail prior to the work presented here.[339]  
Microwave-derived ZnFe2O4 nanoparticles were heat treated after synthesis for one hour in air in 
a temperature range between 400 °C and 600 °C (for details see 3.2.1.3). In Figure 5.7, a sample 
analyzed directly after synthesis (as-syn) is compared to samples calcined at 400 °C, 500 °C and 600 °C. 
The XRD patterns (Figure 5.7a) indicate a fully crystalline nature of all samples, as there was no 
amorphous underground detected. No additional reflections originating from phase impurities are 
visible. Rietveld refinement of the XRD patterns gave the average crystallite sizes and microstrain 
values of all samples, which are shown in Figure 5.7b (for details see Table 9.1). No significant 
difference in crystallite size was found for the sample calcined at 400 °C, but the microstrain decreased. 
This was attributed to thermal healing of intrinsic defects. The almost linear decrease of microstrain 
due to loss of crystal defects and lower surface area goes along with the increase of crystallite size at 
500 °C and 600 °C due to sintering at higher calcination temperature.[88] Using N2 physisorption and 
Langmuir equation (equation (4.19)), the surface area of calcined ZnFe2O4 nanoparticles was 
determined. As shown in Figure 5.7c (details given in Table 9.2), with increasing calcination 
temperature the surface area reduces from 118 m² g-1 for the as-synthesized sample to 26 m² g-1 after 
calcination at 600 °C. This is due to increased sintering leading to particle growth and therefore 
decrease of the surface area. Overall, post-synthetic calcination of ZnFe2O4 nanoparticles leads to 
larger crystallites, but on the cost of surface area. The phase purity of the material is not affect.  
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5.2 Surface Functionalization 
 
As previously mentioned, the synthesized ferrite nanoparticles tended to heavily agglomerate in 
both, polar and non-polar solvents. As dispersion stability was expected to improve surface 
accessibility with regards to potential applications, various approaches for synthesis of colloidal ferrite 
nanoparticles were taken. Figure 5.8 gives an overview on the methods successfully developed to 
achieve this. They will be illuminated in detail further on. 
 

















































































































Figure 5.7: a) XRD patterns, b) average crystallite size and microstrain, c) physisorption isotherms and d) Raman 
spectra of microwave-derived, as-synthesized and calcined ZnFe2O4 nanoparticles. 
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5.2.1.1 Non-Polar Colloidal Solutions 
In situ Surface Functionalization 
 
For direct synthesis of oleylamine (OLA) and oleic acid (OA) functionalized ZnFe2O4 nanoparticles 
to obtain non-polar colloids, a procedure reported by Sun and co-workers was chosen.[27] This method 
was used in reflux synthesis (Sun Batch) and was also adapted for microwave-assisted synthesis 
(Sun MW). As OLA and OA are very common capping agents for non-polar colloids and have been 
applied in various solvents during synthesis,[268,277,346] a third approach was applied. There, the reaction 
mixture described in chapter 3.2.1.2 was mixed with 1.5 mL of OLA and 1.4 mL OA before microwave-

































Figure 5.8: Surface functionalization approaches for ferrite nanoparticles. 
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The batch synthesis was performed 
according to chapter 3.2.2.1. With this 
approach, a stable colloidal solution in toluene 
containing very uniform, spherical 
nanoparticles of around 8 nm was obtained as 
can be seen in Figure 5.9a. Synthesis of an 
identical reaction mixture under microwave 
heating at 275 °C yielded spherical 
nanoparticles with a broader size distribution 
(see Figure 5.9b). This might be caused by rapid 
heating and cooling combined with the missing 
ripening step, which is usually performed 
during batch synthesis. When adding OLA and OA to the reaction mixture previously used for synthesis 
of phase-pure ZnFe2O4 nanoparticles, a stable colloidal solution of spherical nanoparticles with a rather 
broad size distribution was obtained (Figure 5.9c), which supports the theory of non-ideal reaction 
course to form monodisperse nanoparticles. All samples were found to be stable non-polar colloids 
with a small distribution of their hydrodynamic diameters according DLS measurement (Figure 5.10). 
Unfortunately, no phase pure ZnFe2O4 materials were prepared, as phase analysis using XRD and 
Raman spectroscopy revealed. In Figure 5.11a, XRD patterns of samples obtained from the three 
OLA/OA-assisted synthesis approaches are shown. These still match well with the reference pattern 
(JCPDS card no. 22-1012), not showing any impurity phases. However, when Raman spectra were 
collected, they revealed by-phases of maghemite (γ-Fe2O3) and ferrihydrite (δ-FeOOH) formed during 
synthesis.[33] The main A1g mode of ZnFe2O4 at 647 cm-1 shows broadening and shifting due to the 
appearance of A1g modes of γ-Fe2O3 (655 cm-1) and δ-FeOOH (710 cm-1).[33,216] As Raman spectroscopy 
is a very sensitive technique for iron oxide analysis, even low amounts of phase impurities can be 
Figure 5.9: ZnFe2O4 nanoparticles obtained after a) Sun reflux approach, b) Sun microwave approach and 
c) addition of OLA/OA to the standard microwave synthesis. 
 
 
Figure 5.10: DLS measurements of in situ OLA/OA-
capped ZnFe2O4 nanoparticles in toluene. 
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detected in contrast to XRD, where amounts below 3 wt.% do not show reflections. This underlines 
the necessity of Raman analysis, if phase pure iron oxide based materials are desired and phase 





Comparable results were found, when in situ OLA/OA-stabilized MgFe2O4 nanoparticles were 
desired to be synthesized by a microwave-assisted heating approach (compare chapter 3.2.2.1). DLS 
measurements (Figure 9.1) showed well dispersed nanoparticles with a hydrodynamic diameter of 
6.5 nm (after Sun et al.) and 10.8 nm (addition of OLA and OA), which is comparable to the nanoparticle 
size obtained by TEM analysis (Figure 9.2). XRD patterns appeared to be phase-pure, as no additional 
reflections from the expected signals for MgFe2O4 (JCPDS card no. 36-0398) were found (see 
Figure 5.11c). However, Raman analysis revealed the presence of impurity phases, which were formed 
during synthesis (see Figure 5.11d). In the in situ functionalized MgFe2O4 samples, especially δ-FeOOH 
is very prominent according to Raman analysis. 
The formation of γ-Fe2O3 and δ-FeOOH is accounted to the presence of OLA and OA within the 
synthesis mixture, which apparently perform redox reactions during high temperature synthesis 
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Figure 5.11: XRD patterns of in situ OLA/OA- functionalized a) ZnFe2O4 and b) MgFe2O4 nanoparticles and Raman 
spectra of in situ OLA/OA- functionalized c) ZnFe2O4 and d) MgFe2O4 nanoparticles synthesized by different 
approaches (c and d adapted from literature).[1] 
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leading to iron oxides apart from ZnFe2O4 and MgFe2O4 formation. Therefore, the idea of in situ 
functionalization of ZnFe2O4 and MgFe2O4 nanoparticles with OLA and OA was discarded. 
 
 
Post-Synthetic Surface Functionalization 
 
Instead of synthesis in the presence of OLA and OA, a post-synthetic functionalization of as-
prepared, phase pure ZnFe2O4 and MgFe2O4 nanoparticles was performed according to the procedure 




The average size distribution obtained by DLS measurement (Figure 5.12a) reveals a larger average 
hydrodynamic diameter compared to in situ functionalized ZnFe2O4 and MgFe2O4 nanoparticles of 
24.3 nm and 115 nm, respectively. This exceeds the nanoparticle size measured for non-functionalized 
nanoparticles of approx. 12 nm and 5 nm, respectively. Thus, the post-synthetic stabilization did not 
lead to agglomerate-free dispersions. Nevertheless, the average size distribution obtained by this 
approach shows rather small agglomerates and is therefore still acceptable for further sample 
processing. 
Successful surface functionalization of ZnFe2O4 and MgFe2O4 nanoparticles was verified by IR 
analysis shown in Figure 5.12b. The obtained spectra contain all characteristic vibrations expected for 
OLA and OA.[347] At 2924 cm−1 and 2855 cm−1 asymmetric and symmetric stretching vibrations of 
aliphatic and olefinic C-H bonds of the long alkyl chains of OA and OLA were found. The corresponding 
deformation vibrations are found between 1150 cm−1 and 990 cm−1. Furthermore, two bands for 
asymmetric and symmetric stretching vibrations of COO− are observable at 1544 cm−1 and 1415 cm−1, 
which indicate the absorption of deprotonated oleic acid on the nanoparticle surface. Moreover, bands 
for stretching vibrations of O-H groups of oleic acid and adsorbed water around at 3424 cm−1 were be 
detected.  
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Figure 5.12: a) IR and b) DLS of post-synthetically OLA/OA-capped ZnFe2O4 and MgFe2O4 nanoparticles (data for 
MgFe2O4 adapted from literature).[1] 
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5.2.1.2 Polar Colloidal Solutions 
In situ Surface Functionalization 
 
Because as-prepared MgFe2O4 and ZnFe2O4 did not form stable aqueous dispersions, which would 
be desirable for photocatalytic applications in water, a modification of the microwave-assisted 
synthesis was done to gain water-stable nanoparticles directly from the synthesis (see 3.2.2.1). Briefly, 
to the precursor solution containing acetylacetonate precursors and 1-phenylethanol, the hydrophilic 
polymer polyvinylpyrrolidone (PVP) is added, which encapsulates the growing ferrite nanoparticles. 
The PVP shell with its long polymer chains leads to steric stabilization of the nanoparticles in polar 
solvents such as ethanol or water. Analogous to MgFe2O4, stabilized ZnFe2O4 nanoparticles can be 
synthesized thereby. In Figure 5.13, PVP-coated MgFe2O4 and ZnFe2O4 nanoparticles are compared. 
Rietveld refinement (Figure 5.13a-b) gave larger average crystallite sizes for both samples 
compared to bare, microwave-derived nanoparticles (compare Table 9.1). Alongside this, the 
microstrain decreases. Again, ZnFe2O4 developed much larger crystallites than MgFe2O4. Raman 
spectra of both compounds prove their phase purity. The minor reflection in the MgFe2O4 XRD pattern 
(marked with *) is an artefact of the sample holder. All Raman active vibrations, which were discussed 
previously, were also detected for PVP-coated samples (see Figure 5.13c-d). No additional signals 
indicating the presence of undesired by-phases can be found. This matches results from EDX analysis, 
were stoichiometric ratios of 1:2.01 for Zn:Fe of PVP-coated ZnFe2O4 and 1:1.80 for Mg:Fe of PVP-
coated MgFe2O4 nanoparticles were found (see Figure 9.3). In Figure 5.13e, IR spectra are shown. The 
typical vibrations already described for non-functionalized nanoparticles were found. Additionally, 
typical bands for aliphatic C-H stretching vibrations (3000 cm-1 – 2820 cm-1), the C=O stretching 
vibration of the lactam-carboxylic group ( 1659 cm-1 and 1597 cm-1), aliphatic C-H bending vibrations 
(1424 cm-1 and 1351 cm-1) and the C-N stretching vibrations of the lactam ring ( 1287 cm-1) prove the 
encapsulation with PVP polymer.[348] Most remarkably is the colloidal stability in water, which is shown 
in Figure 5.13f. Both samples show constant long-time stability without sedimentation. The size 
distribution according to the hydrodynamic diameters obtained from DLS measurements (see 
Figure 5.13f) of PVP-coated nanoparticles are 50.7 nm (ZnFe2O4) and 37.8 nm (MgFe2O4).  
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This is larger than the nanoparticle size observed during TEM analysis (18 nm for PVP-coated 
ZnFe2O4, 7 nm for PVP-coated MgFe2O4, compare Figure 5.14) indicating the formation of small 
agglomerates. Possibly, the PVP shell formed in situ during synthesis, encapsulates more than one 
particle, leading to larger hydrodynamic diameters.  
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Figure 5.13: a-b) Rietveld refinements (* marks artefact of sample holder), c-d) Raman spectra, e) IR spectra and 
f) DLS measurements of PVP-encapsulated MgFe2O4 and ZnFe2O4 nanoparticles. 
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To see the influence of polymer amount on the hydrodynamic radius obtained by DLS 
measurement, the PVP concentration for synthesis of PVP-encapsulated ZnFe2O4 and MgFe2O4 
nanoparticles was subsequently lowered. The results of DLS analysis, which are shown in Figure 5.15a, 
clearly link a higher PVP concentration to the hydrodynamic diameter in the analyzed samples. More 
PVP in the synthesis mixture leads to thicker polymer shells and therefore larger hydrodynamic 
diameters. The IR patterns (Figure 5.15b) were recorded to prove a lower loading of PVP on the 
synthesized nanoparticles. Here, for samples produced with higher PVP amounts show much stronger 
characteristic vibrations in the region of 1800 cm-1 to 1000 cm-1, which originate from the PVP shell of 
the encapsulated nanoparticles. The lower the amount of PVP, the weaker these vibrations. Especially 
the intensity of the signal at 2800 cm-1 resulting from the hetero-aromatic units of PVP decreases 
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Figure 5.14: TEM images of PVP-coated a) ZnFe2O4 and b) MgFe2O4 nanoparticles. 
Figure 5.15: a) Hydrodynamic radii and b) IR spectra of PVP-encapsulated ZnFe2O4 nanoparticles with different 
amounts of PVP added to the synthesis mixture. 
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Post-Synthetic Surface Functionalization 
 
To create aqueous colloidal solutions of ferrite nanoparticles from chapter 5.1.1.1, the samples 
were treated with betaine hydrochloride by adaption of a procedure described by Patil et al.[349] 
Instead of a phase transfer as described in the original work, direct functionalization of as-synthesized, 
microwave-derived ZnFe2O4 and MgFe2O4 nanoparticles was achieved by shaking the nanoparticles in 
an aqueous betaine hydrochloride solution. The easy procedure and short treatment time is extremely 






After surface functionalization (described in chapter 3.2.2.3) with betaine ions (BETA), stable 
colloids were received with a narrow size distribution according to DLS measurements (Figure 5.16a). 
In general, the average hydrodynamic diameter dh is slightly larger than the nanoparticle size estimated 
from TEM images. As dh also includes the surface agents and solvent shell of solvated colloidal 
nanoparticles, it is expected to exceed the bare nanoparticle size. The hydrodynamic diameter dh of 
BETA-ZnFe2O4 nanoparticles was found to be larger than for BETA-MgFe2O4 nanoparticles, which is 
consistent with the average particle sizes of monocrystalline nanoparticles before surface 
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Figure 5.16: a) ZnFe2O4 and b) MgFe2O4 betaine hydrochloride functionalized nanoparticles. 
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measurements, yielding 48.5 mV and 42 mV for ZnFe2O4 and MgFe2O4. The very high zeta potential 
values underline the superior colloidal stability. From IR analysis shown in Figure 5.16b, surface 
coverage with betaine ions was confirmed. Typical stretching vibrations at 2925 cm-1, 1623 cm-1 and 
1388 cm-1 were attributed to CH3, C-N and C=O functionalities, respectively. The values match well with 
literature reports for betaine hydrochloride functionalized magnetite nanoparticles.[349] In TEM images 
(Figure 5.16c-d) the spherical shape of the original particles is still visible. This proves that no change 
in shape or size was caused by treatment with betaine hydrochloride. As the nanoparticles are widely 
spread on the copper grids, this underlines their colloidal stability and low tendency for agglomeration. 
By varying the amount of betaine hydrochloride and nanoparticles, conclusions on the ideal ligand 
to nanoparticle ratio can be drawn. Therefore, a sample of MgFe2O4 nanoparticles was treated with 
betaine hydrochloride solution of only 0.5 wt% concentration, which is 75 % lower than the previously 
used. The amount of nanoparticles was the same as in the previous example to yield a ratio of 
16 mg wt%-1 of betaine hydrochloride to MgFe2O4 nanoparticles. In the other case, half the amount of 
nanoparticles and a betaine hydrochloride concentration of 4 wt% was used to achieve a ratio of 
4 mg wt%-1 of betaine hydrochloride to MgFe2O4 nanoparticles, which is identical to the ratio used for 
the sample presented in Figure 5.16. In Figure 5.17, the results for variation the ratio of betaine 
hydrochloride to MgFe2O4 nanoparticles is shown. From the DLS measurements, a change in 
hydrodynamic diameter becomes clearly visible when the ratio is changed to 16 mg wt%-1 
(Figure 5.17b). When a lower concentration of betaine hydrochloride solution is used with a lower 
amount of MgFe2O4 nanoparticles at the same time to maintain the nanoparticle-to-surfactant-ratio 
(4 mg wt%-1), a comparable stability for the colloidal solution was achieved. This leads to the 
conclusion, that the ligand to nanoparticle ratio is crucial for successful synthesis of betaine 
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Figure 5.17: DLS measurements of a) betaine-capped MgFe2O4 nanoparticles with a molar ratio of 4 mg wt%-1 
and b) betaine-capped MgFe2O4 nanoparticles with a molar ratio of 16 mg wt%-1 (adapted from A. Becker).[350] 
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A second approach was developed for phase transfer of non-polar colloids into polar solvents by 
using citric acid. For this a report by Lattuada and co-workers[270] was adjusted for post-synthetically 






By this method, stable aqueous colloids with small variation of the hydrodynamic diameter were 
achieved as proven by DLS measurements (Figure 5.18a). Zeta potential was found to be -27 mV 
and -16 mV for ZnFe2O4 and MgFe2O4, respectively, indicating a negatively charged surface layer. IR 
patterns collected for citrate-capped ZnFe2O4 and MgFe2O4 nanoparticles both show characteristic 
vibrations of the surface agent (Figure 5.18b). As the IR spectrum matches well with iron(III) citrate 
reports from literature[351], this indicates the attachment of not citric acid but citrate (CIT) on the 
nanoparticle surface because of highly alkaline conditions during the functionalization. This is in 
agreement with zeta potential measurements. Additionally, to the characteristically broad -OH 
stretching vibration around 3400 cm-1 resulting from adsorbed water molecules, weak signals found at 
2900 cm−1 and 2500 cm−1 result from aliphatic C-H stretching and deformation vibrations of CIT. 







































































Figure 5.18: a) DLS size distributions and b) IR patterns as well as TEM images of citrate-functionalized c)ZnFe2O4 
and d) MgFe2O4 nanoparticles (data for MgFe2O4 adapted from literature)[1]. 
5.2 Results and Discussion − Surface Functionalization 
 
ꟾꟾ  98 
coordinated to the surface metal ions were found at 1617 cm−1 and 1388 cm−1.[272] Also, the vibration 
band at 598 cm−1 and 434 cm−1 can be attributed to Fe−O stretching vibration of Fe3+ in tetrahedral and 
octahedral site.[249] CIT-stabilized nanoparticles maintained the original size and shape of the 
microwave-derived nanoparticles as can be seen in TEM images in Figure 5.18c-d. Just as BETA-
stabilized ferrite nanoparticles, they are finely distributed on the copper grid and do not show particle 
agglomerates, which matches the findings from DLS. 
Betaine-capped and citrate-capped samples showed superior long-term colloidal stability (see 
Figure 9.4).[1,350] After one week, a slight shift to larger hydrodynamic diameters was observed for both 
stabilization approaches. As there is only a minor increase in average hydrodynamic diameter, it is still 
in the range of agglomerate-free colloidal solutions. Even after 4 weeks, no agglomeration was found, 
as the distribution of hydrodynamic diameters did not change. Therefore, long-term stable aqueous 
colloids of ZnFe2O4 and MgFe2O4 nanoparticles can be synthesized by surface functionalization with 
betaine hydrochloride. The prepared colloidal solutions can be utilized for many applications, e.g. in 




5.2.2 XAS Investigation of Ferrite Nanoparticles 
5.2.2.1 XAS Investigation of Reference Compounds 
 
The reference substances Fe3O4 and α-Fe2O3 in form of nanoparticles were used, as these two 
compounds show Fe3+ in octahedral and tetrahedral coordination, which is similar for partly inverse 
ferrite systems. Additionally, Fe3O4 exhibits Fe2+ in both coordination spheres, which would be a 



































Figure 5.19: a) Full and b) pre-edge XANES spectra of Fe3O4 and α-Fe2O3 nanoparticles. 
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The obtained XANES spectra and XANES pre-edge regions of the reference substances are depicted 
in Figure 5.19. At first, a very similar shape of the XANES spectra is visible. Both samples show multiple 
scattering in the post-edge region and a distinct pre-edge feature. Besides, difference in edge-energy 
between Fe3O4 and α-Fe2O3 was found. XANES spectra were fitted in the pre-edge region using Athena 
software. The obtained values are listed in Table 5.1. 
 
Sample x1 / eV FWHM1 / eV A1 x2 / eV FWHM2 / eV A2 E0 / eV 
Fe3O4 7113.5 1.02 0.38 7116.4 1.35 0.15 7120.8 
α-Fe2O3 7113.6 2.14 0.36 7116.3 0.82 0.06 7121.7 
x – peak position / FHWM – full width at half maximum / A – peak area / E0 – edge energy 
 
A similar intensity in the pre-edge feature was not expected, as these from allowed transition 
involving the 3d states. As in the reference samples, the coordination of Fe3+ is not completely similar, 
a much weaker pre-edge peak was expected for α-Fe2O3. 
The shift in edge energy of around 1 eV between Fe3O4 and α-Fe2O3 results from different iron 
oxidation states. Fe2+ iron oxides were reported to show pre-edges at 7118 eV, whereas purely Fe3+ 
compounds exhibit 7122 eV.[300] The latter value is in excellent agreement with the analyzed α-Fe2O3 
sample. As magnetite has one-third Fe2+ ions, not the full shift of 4 eV can be expected but around one 
third of this value. This is in the range of the measured edge shift. The position of the pre-edge peaks, 
determined by the Fe3+ character of both samples, are at similar positions. The satellite peak can be 
attributed to charge transfer interactions within the material.[300] 
Furthermore, site-selective XES spectra of Kα emission lines were collected for both reference 








































Table 5.1: XANES fits of reference compounds. 
Figure 5.20: XES spectra of a) Fe3O4 and b) α-Fe2O3. 
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Here, large differences in peak intensity were found. The spectra were fitted with PyMca software 
using a Split Pseudo-Voigt function. The fit results are listed in Table 5.2. 
 
Sample Eex / eV Eem / eV FWHM / eV A Etrans / eV 
Fe3O4 7113 6405.4 3.94 0.000722 707.6 
 
7114 6405.8 3.78 0.001195 708.2 
7118 6405.5 5.32 0.000516 712.5 
α-Fe2O3 7113 6405.4 3.96 0.000270 707.6 
 
7114 6405.8 3.64 0.000522 708.2 
7118 6405.6 4.63 0.000190 712.4 
Eex – excitation energy / Eem – emission energy / FHWM – full width at half maximum / A – peak area / 
Etrans - energy transfer 
 
The tabulated values show very similar emission behavior of both samples. When they are excited 
with the same energy, the emitted photons have identical energy. This was expectable, as both 
samples purely consist of iron ions in an oxygen lattice with mostly similar coordination and 
metal-to-ligand distance, the peak emission energy should not differ drastically. This leads to identical 
energy transfer values. The largest difference was found for the peak areas, where magnetite exhibits 
larger values for all excitation energies. As discussed in chapter 4.1.5, the intensity of the XES signal is 
sensitive to the metal-to-ligand distance. With Fe3+ found also in tetrahedral sites in the case of Fe3O4, 
the oxygen ligands are closer to the absorbing atom, leading to higher XES intensity. The emission can 
be attributed to excitation into t2g and eg orbitals according to reports of Caliebe et al.[303] However, 
the narrow line width and resolution of weak satellite features was not achieved due to lower spectral 
resolution of the applied Si (111) monochromator crystal. 
As magnetite exhibits the highest values, the peak area of all following samples was calculated 
relative to the values of magnetite. The absolute values can be found in Table 9.4. The general 
difference in emission energy, peak width and area are relatively small, though. These shifts should 
not be over-interpreted. 
Finally, RIXS 2D counter plots of both reference compounds are shown in Figure 5.21. The vertical 
lines mark the course of resonant XES, also showing the shift in maximum energy transfer. The maxima 
at these cross-sections match well with the calculated energy transfer values from site-selective XES 
(Table 5.2). A much higher pre-edge intensity was found for the magnetite sample (Figure 5.21a). The 
same trend was actually expected during XANES measurements, but was not observed. However, the 
higher pre-edge intensity due to iron ions in both, octahedral and tetrahedral coordination, matches 
literature reports.[354] Both samples show a diagonal trend, because of iron ions in octahedral 
Table 5.2: XES fits of reference compounds. 
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coordination. The broader energy transfer region in the magnetite sample at 7118 eV emission energy 
fits the larger FWHM value found in XES (Figure 5.20a). 
For α-Fe2O3 (Figure 5.21a), a clear diagonal structure was found due to only one allowed final state, 
with maximum in excitation energy and energy transfer was found at 7114 eV and 708 eV matching 
literature reports.[300] A smaller peak at 7117 eV excitation energy and 711 eV energy transfer was 
slightly shifted to lower energy values compared with the literature reference[300] and can be attributed 
to a small amount of 3d orbital mixing. Fe3O4 shows additional features in the horizontal direction 
(Figure 5.21b). This indicates different energy transfers at the same excitation energy, i.e. more than 
one final state.[300] This has been reported for Fe3+ in tetrahedral sites due to additionally allowed 
dipole interactions. Furthermore, Fe2+ with crystal field splitting can lead to multiple final states close 
in energy (compare Figure 2.20). The observed patterns were expected from literature reports.[355] The 







5.2.2.2 XAS Investigation of ZnFe2O4 Nanoparticles 
 
Different samples of as-synthesized and post-synthetically calcined ZnFe2O4 nanoparticles were 
chosen for detailed investigation using synchrotron radiation based methods. At first, X-ray absorption 
near edge spectra (XANES) were recorded, as shown in Figure 5.22. Full spectra of as-synthesized 
nanoparticles derived from batch (ZnFe2O4 Batch) and microwave-assisted synthesis in the absence 
(ZnFe2O4 MW as-syn) and presence of PVP (ZnFe2O4 PVP) are compared in Figure 5.22a. A difference 
in post-edge absorption can be found between batch and microwave samples. The batch sample 
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Figure 5.21: RIXS counter plots of a) Fe3O4 and b) α-Fe2O3. 
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shown higher absorption around 7130 eV. In contrast, the post-edge fine structure of microwave-
derived samples is more defined. This is due to multiple electron scattering in a periodic crystal lattice 
and hints to higher crystal lattice ordering. The pre-edge absorption of all as-synthesized ZnFe2O4 
nanoparticle samples is identical (see Figure 5.22b), indicating no major differences in the occupation 
of octahedral and tetrahedral positions by Fe3+. Therefore, the degree of inversion in all three samples 





The absorption edge is slightly shifted for the batch-derived sample, but as the shift of 0.65 eV is 
in the range of measuring inaccuracy, this should not be over-interpreted. For microwave-derived 
ZnFe2O4 nanoparticles, which were calcined after synthesis, the absorption fine structure is nearly 
identical (see Figure 5.22c). The pre-edge absorption of these samples, depicted in Figure 5.22d, shows 
a slight decrease of absorption intensity with increasing calcination temperature. This might result 
from less octahedral distortion leading to less orbital hybridization.[297] The absorption edge of these 
samples is almost constant (shift ≈ 0.5 eV). The post-edge region shows clear multiple scattering 
patterns, which are congruent. Comparing all ZnFe2O4 nanoparticle samples, there are only minor 
changes in the XANES spectra. This leads to the conclusion, that the normal spinel structure of ZnFe2O4 










































































Figure 5.22: Full and pre-edge XANES spectra of a-b) freshly synthesized and c-d) calcined, microwave-derived 
ZnFe2O4 nanoparticles. 
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cannot be influenced by either choice of synthesis method nor post-synthetic calcination, underlining 
the stability of this crystal structure for ZnFe2O4.  
The characteristics obtained from fitting of the XANES pre-edge region are listed in Table 5.3.  
 
Sample x1 / eV FWHM1 / eV A1 x2 / eV FWHM2 / eV A2 E0 / eV 
ZnFe2O4 Batch 7113.74 1.08 0.30 7116.61 1.19 0.12 7123.02 
ZnFe2O4 MW as-syn 7113.68 1.11 0.29 7116.74 1.76 0.19 7122.37 
ZnFe2O4 MW 400 °C 7113.72 1.10 0.29 7116.70 1.71 0.19 7122.74 
ZnFe2O4 MW 500 °C 7113.68 1.17 0.28 7116.78 1.79 0.19 7122.93 
ZnFe2O4 MW 600 °C 7113.70 1.08 0.24 7116.60 1.84 0.19 7122.91 
ZnFe2O4 PVP 7113.76 1.11 0.29 7116.61 1.19 0.12 7122.91 
x – peak position / FHWM – full width at half maximum / A – peak area / E0 – edge energy 
 
Here, the qualitative impression of similar absorption behavior is confirmed, as the fitted values 
for two peaks detectable within the pre-edge structure show almost identical values for all ZnFe2O4 
samples. The calculated values are slightly lower than reported for ZnFe2O4.[356] As in the reference, 
the edge position is shifted by ≈ 1.5 eV, too, this was attributed to differences in the energy calibration 
procedure. The area of pre-edge peaks is only about one-third or less compared to the area of Fe3O4 
reference compound, which was expected due to a low amount of Fe3+ in tetrahedral sites. 
Site-selective XES analysis was performed of as-synthesized and heat-treated samples, 
respectively. The resulting XES spectra of selected samples are depicted in Figure 5.23. The results of 







Table 5.3: XANES fits of ZnFe2O4 nanoparticles. 
5.2 Results and Discussion − Surface Functionalization 
 




In site-selective XES, a shift between the as-synthesized samples prepared under batch and 
microwave conditions and the sample calcined at 600 °C was found. However, this shift of ≈ 0.5 eV is 
in the area of analysis step width. Therefore, this might have been caused by the measurement 
conditions. The difference in peak intensity is quite prominent. Here, microwave-derived 
as-synthesized nanoparticles show the highest intensity and the calcined sample shows the lowest 
intensity. This can be assigned to intrinsic defects, which were thermally healed in case of the calcined 
sample. Therefore less distorted octahedral are found, resulting in a lower amount of hybrid orbitals 
with allowed quadrupole transitions. 
  










































































Figure 5.23: a-c) XES spectra of ZnFe2O4 nanoparticles and d) relative peak areas Arel obtained by spectra fitting. 
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Sample Eex / eV Eem / eV FWHM / eV A Etrans / eV 
7113 ZnFe2O4 Batch 6405.3 4.37 0.000242 707.7 
 ZnFe2O4 MW as-syn 6405.6 4.20 0.000284 707.4 
 ZnFe2O4 MW 400 °C 6405.5 4.33 0.000177 707.5 
 ZnFe2O4 MW 500 °C 6405.7 4.22 0.000137 
707.3 
 ZnFe2O4 MW 600 °C 6405.8 4.20 0.000142 
707.2 
7114 ZnFe2O4 Batch 6405.8 4.07 0.000467 708.2 
 ZnFe2O4 MW as-syn 6405.9 3.85 0.000467 708.1 
 ZnFe2O4 MW 400 °C 6405.5 3.86 0.000294 708.5 
 ZnFe2O4 MW 500 °C 6406.0 3.80 0.000216 
708.0 
 ZnFe2O4 MW 600 °C 6406.0 3.90 0.000208 
708.0 
7118 ZnFe2O4 Batch 6405.7 6.04 0.000190 712.3 
 ZnFe2O4 MW as-syn 6405.9 5.75 0.000224 712.1 
 ZnFe2O4 MW 400 °C / / / / 
 ZnFe2O4 MW 500 °C 6405.9 5.12 0.000110 
712.2 
 ZnFe2O4 MW 600 °C 6406.0 5.36 0.000113 
712.0 
Eex – excitation energy / Eem – emission energy / FHWM – full width at half maximum / A – peak area / 
Etrans - energy transfer 
 
 
Finally, RIXS planes were constructed from analysis data of batch-synthesized, as-synthesized 
microwave-derived and post-synthetically calcined (600 °C) ZnFe2O4 nanoparticles. As shown in 
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Table 5.4: XES fits of ZnFe2O4 nanoparticles. 
Figure 5.24: RIXS planes of a) batch-synthesized, b) microwave-derived and c) calcined ZnFe2O4 nanoparticles. 
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All samples show a diagonal trend, which was also found for α-Fe2O3 reference sample (compare 
Figure 5.21a). As reported in literature[298], this shape is assigned to only one final state allowed in 
ZnFe2O4. The intensity maxima, which are obviously different, are found at 7114.1 eV and 708.1 eV for 
all samples., which matches the values reported[300] and found (compare Figure 5.21a) for α-Fe2O3 with 
an identical coordination geometry. The difference in intensity results from different emission 
intensities already discussed previously (compare Figure 5.23).  
XANES spectra of PVP-coated nanoparticles of MgFe2O4 and ZnFe2O4, which have been reported in 







The partly inverted spinel structure of MgFe2O4 with Fe3+ also present in tetrahedral sites causes a 
much higher pre-edge intensity resulting from dipole transition contribution. In contrast, the pre-edge 
spectrum of PVP-encapsulated ZnFe2O4 nanoparticles matches well with those of bare and post-
synthetically heat-treated samples (compare Figure 5.22a-b). The pre-edge position at 7113.7 eV 
matches the literature value of 7114.0 eV.[356] The difference is in the range of measuring step size of 
0.2 eV (compare 4.1.5). There, an intensity ratio of the pre-edge peak of 1:2.5 for ZnFe2O4:MgFe2O4 
was stated, which is close to the detected ratio (1:2.2).[356] The edge shift between the MgFe2O4 and 
ZnFe2O4 sample is clearly visible. The resulting edge step at 7121.9 eV (see Table 5.5) still matches the 
values reported for purely Fe3+ materials.[300]  
Therefore, it was assumed that the shift was not caused by Fe2+ impurities but due to the higher 
degree of inversion influencing the occupied and unoccupied states within the semiconductor. In the 
post-edge region, the multiple scattering pattern is less prominent within PVP-coated MgFe2O4. This 
indicates a lower periodicity of the crystal lattice owing to the much smaller crystallite size of these 
nanoparticles (compare Table 9.1). 




















































Figure 5.25: a) Full and b) pre-edge XANES spectra of PVP-coated MgFe2O4 and ZnFe2O4 nanoparticles. 
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Sample x1 / eV FWHM1 / eV A1 x2 / eV FWHM2 / eV A2 E0 / eV 
ZnFe2O4 PVP 7113.76 1.11 0.29 7116.61 1.19 0.12 7122.91 
MgFe2O4 PVP 7113.73 1.11 0.64 7117.24 1.18 0.21 7121.91 
x – peak position / FHWM – full width at half maximum / A – peak area / E0 – edge energy 
 
In Figure 5.26, the obtained spectra for 
site-selective XES measurements are shown. 
The highest emission was detected at 7114 eV 
excitation energy, which is the position of the 
pre-edge maximum. This is consistent with the 
analysis results of ZnFe2O4 and the chosen 
reference compounds. For the PVP-coated 
MgFe2O4 sample, the maximum of the second 
peak is slightly shifted, also having a larger 
peak area in comparison the ZnFe2O4 
nanoparticles (compare Table 5.4). However, 
maxima of emission energy coincide with those found for ZnFe2O4. The results from XES peak fitting 
are listed in Table 5.6 (compare Table 5.4 and Table 9.4). 
 
Eex / eV Eem / eV FWHM / eV A Etrans / eV 
7113 6405.3 4.05 0.000439 707.7 
7114 6405.8 3.71 0.000837 708.2 
7118 6405.7 6.20 0.000269 712.3 
Eex – excitation energy / Eem – emission energy / FHWM – full width at half maximum /  
A – peak area / Etrans - energy transfer 
 
Table 5.5: XANES fits of PVP-coated ferrite nanoparticles. 
 
Figure 5.26: Site-selective XES spectra of PVP-coated 
MgFe2O4 nanoparticles. 
Table 5.6: XES fits of MgFe2O4 nanoparticles. 
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Finally, the RIXS plane obtained for PVP-coated 
MgFe2O4 nanoparticles is shown in Figure 5.27. A 
much higher intensity compared to hematite and the 
analyzed ZnFe2O4 samples (compare Figure 5.21a and 
Figure 5.24). This is attributable to the higher amount 
of Fe3+ in tetrahedral sites, which also caused a higher 
XANES pre-edge intensity and higher XES emission 
intensity. Therefore, the RIXS plane intensity, which 
combines both processes, should be larger, too. The 
feature is still lower than the one found in magnetite 
(compare Figure 5.21b), which indicates that no 
completely inverted spinel structure is found in 
MgFe2O4. The maximum in absorption energy and 
energy transfer was determined at 7114.1 eV and 708.1 eV. The position matches the findings for 




5.2.3 Photocatalytic Degradation of Model Compounds 
 
To evaluate the photocatalytic activity of ZnFe2O4 and MgFe2O4 nanoparticles, photocatalytic 
degradation of different pollutants were performed in aqueous solution under simulated sunlight 
irradiation. As model compounds, rhodamine B and tetracycline were chosen to cover the field of dye 
removal and antibiotic degradation via visible light driven photocatalysis. 
At first, the stability of the chosen model compounds in the absence of a photocatalyst was 
analyzed. For this purpose, an aqueous solution of rhodamine B or tetracycline, respectively, was 
illuminated using a sunlight simulator equipped with an AM1.5G filter. UV-Vis spectra of the freshly-
prepared aqueous solutions were recorded prior to the illumination and after 2 hours. The resulting 
spectra shown in Figure 9.5a underline, that rhodamine B does not decompose under sunlight 
illumination if there is no photocatalyst present. Therefore, the process was repeated in the presence 
of ZnFe2O4 and MgFe2O4 nanoparticles according to the procedure reported in chapter 4.7.  
 
 
Figure 5.27: RIXS plane of PVP-coated MgFe2O4 
nanoparticles. 
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As shown in Figure 5.28a, a change in the absorption spectra of the starting point and the 
equilibrium states indicates a strong adsorption of the colorant onto the ZnFe2O4 nanoparticles 
surface. After reaching an adsorption-desorption equilibrium in the dark, there is hardly any decrease 
of the main absorption band of rhodamine B at 552 nm in the presence of ZnFe2O4 nanoparticles. After 
2 hours, the degradation is only 5 % compared to the equilibrium state. In contrast, in the presence of 
non-functionalized MgFe2O4 nanoparticles (Figure 5.28b), a clear decrease of the absorption maximum 
over time is visible reaching a degradation of 24 % compared to the equilibrium state. This indicates 
that MgFe2O4 nanoparticles have a higher photocatalytic activity towards the degradation of 
rhodamine B under solar light irradiation. Therefore, only MgFe2O4 nanoparticles were further 
pursued. 
To identify the impact of deagglomeration and colloidal stability, the degradation of rhodamine B 
under simulated solar light was performed in the presence of betaine-capped Figure 5.28c) and citrate-
capped (Figure 5.28d) MgFe2O4 nanoparticles, too. In case of betaine surface functionalization, a larger 
decrease of the absorption maximum was achieved, indicating a higher degree of degradation 
compared to non-functionalized MgFe2O4 nanoparticles. With citrate-capped MgFe2O4 nanoparticles, 























































Figure 5.28: UV-Vis spectra collected during rhodamine B degradation experiments under simulated sunlight 
(AM1.5G) using a) non-functionalized ZnFe2O4 nanoparticles, b) non-functionalized MgFe2O4 nanoparticles, 
c) betaine-capped MgFe2O4 nanoparticles, and d) citrate-capped MgFe2O4 nanoparticles (adapted from 
literature).[1,350] 
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a strong adsorption of rhodamine B during stirring in the dark was observed. The improved absorption 
of cations in the presence of surface-bond citrate ions has already been reported by Redden et al. and 
might be attributed to the negative zeta potential of this colloidal solution.[357] In Figure 5.29, the 
decrease of rhodamine B over time is displayed. The relative concentrations crel were calculated from 
the absorption maximum at 552 nm concerning the starting value in equilibrium state (see 
chapter 4.7). From Figure 5.29a, the impact of surface functionalization on the rhodamine B 
degradation over time becomes apparent. With non-functionalized MgFe2O4 nanoparticles 24 % of the 
model compound were decomposed after 2 hours. With betaine-capped MgFe2O4 nanoparticles, 
having a positive zeta potential, the amount of decomposed rhodamine B is almost twice as high (45 % 
after 2 hours). The highest degradation of 62 % after 1.5 h was achieved in the presence of citrate-
capped MgFe2O4 nanoparticles, which is approximately three times as high as for non-functionalized 
MgFe2O4 nanoparticles. For all samples, a linear decay was found (see Figure 5.29b) indicating first-
order reaction kinetics. The calculated kinetic constants of non-functionalized (k = 0.123 ± 0.014), 
betaine-capped (k = 0.311 ± 0.025) and citrate-capped (k = 0.638 ± 0.103) MgFe2O4 nanoparticles are 




A clear correlation between deagglomeration and photocatalytic activity can be concluded from 
these results. With stable colloidal MgFe2O4 nanoparticles, a higher degradation rate can be achieved 
compared to non-stabilized MgFe2O4 nanoparticles. Furthermore, the zeta potential shows a strong 
impact on the absorption of the model compound onto the photocatalyst surface. With a negative zeta 
potential, rhodamine B adsorption is highly promoted, resulting in the highest degree of degradation 
and the largest kinetic constant for the decomposition reaction. 
As already discussed in chapter 2.2.4, rhodamine B as a colorant is a non-ideal model system, as it 
absorbes a large part of the incident light, which is then non available for generation of photo-excited 




































Figure 5.29: a) Calculated relative concentrations crel and b) kinetic evaluation of rhodamine B in the presence of 
non-functionalized (NF, black), betaine-capped (BETA, red) and citrate-capped (CIT, blue) MgFe2O4 nanoparticles 
(adapted from literature).[1] 
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electrons in the photocatalyst. Furthermore, detection of the degradation rate solely by UV-Vis does 
not allow insights into the degree of mineralization. Therefore, the colorless antibiotic compound 
tetracycline was chosen as a second model compound for photocatalytic degradation experiments. As 
shown in Figure 9.5b, slight shifts of the absorption maxima were observed, but as the maximum 
intensity did not change, this shift was attributed to the formation of tetracycline dimers in solution. 
It was assumed, that no degradation of the model compound occurs under simulated solar light when 
the photocatalyst material was absent. Therefore, photocatalytic degradation experiments in the 
presence of ZnFe2O4 and MgFe2O4 nanoparticles were performed. 
Again, non-functionalized ZnFe2O4 nano-
particles show only a modest photocatalytic 
activity indicated by a small decrease of the 
absorption maximum at 356 nm shown in 
Figure 5.30. The second maximum at 273 nm 
stays nearly constant, which might be due to the 
removal of functional groups instead of a 
complete mineralization.  
In comparison, non-functionalized MgFe2O4 
nanoparticles (Figure 5.31a) show a shift of the 
absorption maximum comparing the freshly-
mixed solution and the equilibrium state. This is 
a first indication for adsorption of tetracycline to 
the nanoparticle surface. A high adsorption of tetracycline onto the surface of ferrite nanoparticles 
was also reported by Shao et al. for MnFe2O4/activated carbon composites.[358] During irradiation, a 
strong decrease of the absorption maximum is visible. For quantification, the decrease of the 
absorption band at 374 nm was chosen indicating 76 % degradation. For betaine-capped MgFe2O4 
nanoparticles, a strong decrease of the absorption was detected already at the equilibrium state, 
which is why no quantification of the degradation was possible, although a decrease over time is shown 
in Figure 5.31b. The strong decrease indicates a high degree of adsorption of tetracycline molecules 
onto the nanoparticle surface, which seems to be enhanced due to the positive zeta potential found 
for betaine-capped MgFe2O4 nanoparticles. 
Additionally, TOC analysis of the aliquot solutions obtained for MgFe2O4 experiments was 
performed (see chapter 4.8) with the corresponding results shown in Figure 5.31c and Figure 5.31d. 
For both samples, comparable starting values of 22 – 22.8 mg L-1 were detected. Considering the non-
functionalized sample, a strong decrease in TOC value was detected already after the equilibrium 
phase (second point in Figure 5.31c). When the illumination is started, the TOC value slightly decreases 
before an increase over time is detected.  
 
 
Figure 5.30: UV-Vis spectra of tetracycline 
degradation experiments under simulated sunlight 
(AM1.5G) using non-functionalized ZnFe2O4 
nanoparticles (adapted from A. Becker).[350] 
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This unusual progression can be explained with the strong adsorption of tetracycline at the 
nanoparticle surface, which also caused the shift of the absorption maximum. As the nanoparticles 
were removed prior to TOC analysis, the adsorbed tetracycline is not detected. 
When the irradiation is started, the photocatalytic degradation of the model compound begins, 
leading to the incremental decomposition of the complex molecular structure. Therefore, certain 
functional groups, which promoted the adsorption of tetracycline, are removed and the resulting 
intermediate cannot adsorb as effectively as the original compound. Therefore, the intermediates are 
not removed with the solid photocatalyst and can be detected during TOC analysis, resulting in higher 
TOC values. With betaine-capped MgFe2O4 nanoparticles, there is a constant increase in TOC value, 
which indicates different interactions between the photocatalyst and the model compound. Due to 
the ionic surfactant, a permanent adsorption of tetracycline onto the surface of betaine-capped 
MgFe2O4 nanoparticles is not possible. Therefore, no decrease in TOC concentration was detected. 
Instead, a constant increase in TOC concentration over time indicates the partial decomposition of 
tetracycline. This suggests, that betaine-capped MgFe2O4 nanoparticles show photocatalytic activity 














































































Figure 5.31: UV-Vis spectra collected during tetracycline degradation experiments under simulated sunlight 
(AM1.5G) using a) non-functionalized MgFe2O4 nanoparticles ,b) betaine-capped MgFe2O4 nanoparticles, and 
TOC measurements of tetracycline degradation in the presence of c) non-functionalized MgFe2O4 nanoparticles 
and d) betaine-capped MgFe2O4 nanoparticles (adapted from A. Becker).[350] 
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for tetracycline degradation. However, a complete mineralization to CO2, which would have been 
removed prior to the actual analysis, was not fully achieved. Instead, the organic decomposition 




5.3 Sol-Gel Derived Mesoporous Ferrite Thin Films 
 
A synthesis for mesoporous ferrite thin films, which was reported by Haetge et al.[5], was selected 
as fundament for synthesis of ZnFe2O4, MgFe2O4 and CaFe2O4 mesoporous thin films. As soft templates, 
different block-copolymers were selected. On the one hand, commercially available block-copolymer 
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (Pluronic® F127, abbr. PLU) was 
used. This polymer is reported to from micelles with hydrodynamic radii of 10.2 nm.[126] On the other 
hand, tailor-made block-copolymer poly(isobutylene)-b-poly(ethylene oxide) in three molecular 
weights of the polyisobutylene unit (MWPIB = 3000, MWPIB = 6000 or MWPIB = 10000, BASF SE, abbr. 






The two sorts of polymers show different thermal stability due to different polymer block units 
within the macromolecules. As shown in Figure 5.32, PLU decomposes in a wide temperature range 
with the main decomposition temperature at 291.8 °C accompanied by a weightless of 98 %. This 
points to almost complete decomposition below 300 °C. In contrast, PIB polymer (MW = 3000) starts to 
decompose with 10 % weightless around 200 °C, which might be due to interconnecting polymer units. 
In the following, PIB shows a very sharp DTG signal at 385.3 °C with the main weightless of 87 %, which 
indicates a much higher thermal stability and a very concerted polymer decomposition. As the 





























































Figure 5.32: TG-MS measurements of a) Pluronic® F127 and b) PIB3000 polymer.[34] 
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synthesis route is based on a sol-gel mechanism, where the gelation occurs at 300 °C, in one case (PIB) 
the soft template is still present, while in the other case (PLU) the decomposition of the polymer is 
almost completed. Therefore, different pore morphologies due to the different thermal stability of the 





Metal nitrates were used as metal ion source for the sol-gel process. Their thermal decomposition 
behavior was analyzed using TG-MS, too. The graphs in Figure 5.33 already show that thermal 
decomposition occurs at very different temperatures for iron(III) nitrate nonahydrate, zinc nitrate 
hexahydrate, magnesium nitrate hexahydrate and calcium nitrate tetrahydrate. The iron precursor 
decomposes already below 200 °C, while zinc nitrate decomposition is finished at 350 °C (see 
Figure 5.33a-b). These are still rather low temperatures, which portend possibly low synthesis 
temperatures for the formation of ZnFe2O4. For full decomposition of magnesium nitrate, at least 
450 °C are necessary (Figure 5.33c), which is already much higher than the values found for Fe and Zn 
precursors. Besides, a multistep decomposition behavior became evident from TG analysis, which was 
also found for calcium nitrate, having the highest decomposition temperature of 600 °C (Figure 5.33d). 
Multistep decomposition indicates a more complex mechanism, where also intermediates can be 
formed. In the case of Mg and Ca, the respective carbonates might be formed during decomposition 
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Figure 5.33: TG-MS data of the used metal nitrate precursors (Figures a) and b) also presented elsewhere)[34]. 
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in air, as these elements strongly tend to form carbonates because of very low enthalpy of formation 
(ΔfH°(MgCO3) = -1095.8 kJ mol-1, ΔfH°(CaCO3) = -1206.9 kJ mol-1).[359] From these results, different 
synthesis temperatures for formation of crystalline ferrite compounds can be expected. Of course, 
within a synthesis mixture the decomposition pathway can be different, which is why the precursor 
mixtures of all ferrite thin films will be analyzed in detail in the respective chapters. 
 
 
5.3.1 Mesoporous Zinc Ferrite Thin Films 
 
Reports discussed in chapter 2.2.3 revealed, that many factors influence the photoelectrochemical 
performance of ZnFe2O4 thin films, namely crystallinity, phase composition, and film thickness, 
porosity, surface defect states and surface kinetics. Within this thesis, systematic studies on interacting 
key factors for high PEC performance of sol-gel-derived ZnFe2O4 thin film photoelectrodes shall be 
provided with special focus on the synergistic effects of crystallinity and porosity. 
 
 
5.3.1.1 Polymer-Templated Zinc Ferrite Synthesis  
 
At first, closer look into the synthesis procedure of mesoporous ZnFe2O4 was gained by TGA 
analysis jointly with MS detection of pre-dried precursor sols containing the two aforementioned 
porogens (see Figure 5.34). The first weight loss in both precursor mixtures around 150 °C can be 
attributed to loss of crystal water and nitrate decomposition as identified via MS signals m/z = 18, 
m/z = 30 and m/z 46. In PLU-containing sample, a clear signal for CO2 loss (m/z = 40) staring at 234 °C 
and finishing around 300 °C can be seen. This indicates the decomposition of the polymer template. A 
tailing of the CO2 signal with a peak 349 °C can be assigned to the minor weightless already observed 
in Figure 5.34a. For the PIB-derived sample, this signal appears at 251 °C and shows a broad plateau 
until 366 °C, which matches the higher thermal stability of PIB. A small CO2 signal at 209 °C matches 
the first decomposition step of PIB already identified in Figure 5.34b. Overall, the precursor 
decomposition and transition from the nitrate-containing precursor sol into the solid, nitrate-free gel 
appears to be finished at 300 °C according to the corresponding MS signals. 
Comparing IR spectra of the precursor gels, many similarities are found due to PEO building blocks 
present in both molecules. As evident from Figure 5.32c-d, aliphatic stretching vibrations of CH3, C-O-C 
and C=C are found in both samples, whereas the first mentioned is better resolved in PIB3000 due to 
CH3 signals from both, PEO and PIB units.[314] Furthermore, clear evidence of doublet caused by 
asymmetric stretching vibrations of NO3- (1390 cm-1 and 1354 cm-1) and a deformation vibration for 
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NO3- at 831 cm-1 from nitrate precursor units were found.[360] The typical broad stretching vibration of 
OH groups around 3435 cm-1 as well as deformation vibration water at 1625 cm-1 were detected, too. 
In both samples, stretching vibrations of metal-oxygen bonds were detected. In the PIB-derived 
sample, these are more distinct, which might indicate larger change in dipole moment due to a less 





GIXRD measurements during in situ calcination in a domed hot stage were performed to find the 
minimum crystallization temperature for synthesis of ZnFe2O4 thin films. For this purpose, thin films 
prepared with both polymer templates were pre-heated to 300 °C according to the standard synthesis 
route for full gelation of the precursor sols. These gelated films were mounted inside the heating dome 
and heated to the desired temperature (either 300 °C, 400 °C, 500 °C or 600 °C). GIXRD measurements 
in the range of 27° to 40° were performed, as here the most intense reflections of ZnFe2O4 were 
expected to appear. The resulting patterns can be seen in Figure 5.35. 
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Figure 5.34: TG-MS measurements and IR patterns of a+c) PLU-derived and b+d) PIB-derived ZnFe2O4 precursor 
gels pre-dried at 100 °C.[34] 
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The data show very similar behavior of thin films containing either one polymer precursor, 
underlining the formation of large ZnFe2O4 crystallites is not heavily dependent on the soft template. 
For both samples, significant crystallization can be observed at temperatures of 500 °C and above. 
Below this temperature, even after extended calcination periods hardly any reflections were detected 
(see Figure 5.36), which indicating a mainly X-ray amorphous material. This matches findings from 





















(222) (400) (422) (511) (440)





















(222) (400) (422) (511) (440)
Figure 5.35: GIXRD measurements during in situ heating of a) PLU-derived and b) PIB-derived mesoporous 
ZnFe2O4 thin films.[34] 
Figure 5.36: GIXRD patterns of a) PLU-derived and b) PIB-derived obtained after in situ calcination of ZnFe2O4 gel 
films.[34] 
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ZnFe2O4 nanoparticles, which did not show an increase in crystallite size due to missing sintering during 
calcination at 400 °C, but a rising value for higher calcination temperatures (compare Figure 5.7). At 
500 °C and 600 °C, typical reflections of ZnFe2O4 appear already after 30 min, which suggests that 






From these results, a temperature study of calcination between 500 °C to 600 °C with variation of 
the calcination period was performed. The temperature range was chosen to avoid appearance of 
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Figure 5.37: GIRXD measurements of a) PLU-derived and b) PIB-derived as well as Raman spectra of c) PLU-
derived and d) PIB-derived and UV-Vis spectra of e) PLU-derived and f) PIB-derived mesoporous ZnFe2O4 thin 
films.[34] 
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α-Fe2O3 impurities at very high temperatures, because the formation of α-Fe2O3 is thermodynamically 
favored. As shown in Figure 9.6, calcination at very high temperatures leads to a transformation of 
ZnFe2O4 into α-Fe2O3, which was already presented elsewhere.[34] Furthermore, a lower temperature 
leads to a more cost-efficient process, which is highly desirable. Finally, it is easier to maintain the 
desired mesoporosity at lower calcination temperatures due to limited sintering. GIXRD patterns, 
Raman and transmission UV-Vis spectra (see Figure 5.37) were collected of PLU- and PIB-templated 
thin films, which were calcined at either 500 °C, 550 °C or 600 °C with 0 min, 10 min or 12 hours holding 
time, respectively. 
The expected reflections of ZnFe2O4 were found in all prepared thin films. An extra reflection of 
the Si wafer (marked with *) can be seen in some samples. This reflection is moving due to differences 
in the omega angle, which is specific for each sample and necessary for measurement optimization. 
Raman spectra, which were Si background corrected, also proof the high phase purity of the prepared 
ZnFe2O4 films. Transmission UV-Vis spectra (Figure 5.37e-f) of PLU- and PIB-templated samples on FTO 
and quartz ITO substrates show comparable absorption behavior. With similar solar light absorption, 
differences in PEC performance would not derive from absorption phenomena, but rather from 
intrinsic differences, e.g. different crystallite sizes, microstrain or donor densities (see 5.3.1.2). 
From GIXRD data presented in Figure 5.37a-b, Rietveld refinement was performed to gain deeper 
insight into the crystallization process (for details see Table 9.1). The average crystallite size obtained 




As can be seen, shorter calcination periods applied to PLU- and PIB-derived samples leads to small 
crystallite sizes in all samples. With increasing calcination temperature, a slight increase in crystallite 
size is observable, which matches the crystallization theory. Samples calcined for 12 hours show 
significantly larger average crystallite size already at 500 °C. Again, with higher calcination 
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Figure 5.38: a) Average crystallite sizes and b) average microstrain of mesoporous ZnFe2O4 thin films calcined at 
600 °C.[34] 
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and PLU-derived samples calcined for 12 hours reach identical values, indicating that with this 
calcination approach, the nature of the porogen does not influence the crystallite size anymore. 
Figure 5.38b shows the evolution of microstrain depending on the calcination approach. As microstrain 
is a very important parameter in porous materials, as it not only reflects the amount of intrinsic defects 
but the crystal distortion due to pore formation. Although both polymer templates cause a similar pore 
morphology after long-term calcination, a significant difference in microstrain is observable. With a 





The induced crystallite growth can also be followed using SEM (see Figure 5.39). Samples 
synthesized at 500 °C without holding time show completely different pore morphologies. For 
PLU-derived samples, an irregular pore structure with very fine grains was found, while PIB-templating 
results in spherical mesopores. This was assigned to the difference in polymer template stability under 
thermal conditions as discussed earlier (compare Figure 5.32). During calcination at different 
temperatures without holding time, the original morphology is changed slightly, as crystallization is a 
holding time at Tmax
Tmax
Figure 5.39: SEM images of PLU-templated (left, red half-circle) and PIB-templated (right, blue half-circle) 
samples obtained after different calcination procedures.[34] 
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time dependent process. This matches the findings from in situ GIXRD measurements (compare 
Figure 5.35 and Figure 5.36). 
With extended calcination period, crystallite growth leads to an enlargement of the grains, which 
is also visible in SEM (see Figure 5.39). At 500 °C, where only minor crystallite growth was observed 
from in situ GIXRD experiments (compare Figure 5.35 and Figure 5.36), the change in morphology is 
still moderate. A minor increase in feature size was found for PLU-templated samples, while 
PIB-derived samples still show some spherical pores. By increasing the calcination temperature, the 
formation of crystalline ZnFe2O4 domains is promoted, which is why a strong restructuring takes place. 
PIB-templated samples lose their spherical pore shape due to sintering, which increases the size of the 
solid features in both sample types. After calcination at 600 °C for 12 hours, no difference in pore 
morphology or feature size is detectable anymore. 
The changes in pore morphology due to sintering go along with a loss of surface area. This can be 
followed by Kr physisorption, which was used to determine the surface area of as-prepared thin films. 
For both polymer templates, similar trends in change of BET surface area were found, which are 
depicted in Figure 5.40. A rise in surface area was found, when the calcination period was extended 
from 0 min to 10 min at 600 °C (Figure 5.40a). This was assigned to improved removal of polymer 
template residues, leading to a better pore accessibility. With an increase in calcination period to 
12 hours, a conspicuous loss in surface area was found. This was attributed to pore collapsing due to 
sintering effect in the pore walls, which was already observed in XRD and SEM analysis (compare 
Figure 5.35 and Figure 5.39). Concerning the influence of the maximum temperature during 12 hours 
of calcination (Figure 5.40b), a linear decrease in surface area was found with rising temperature. This 
is in agreement with findings from SEM analysis (compare Figure 5.39). Generally, the BET surface area 










































Figure 5.40: Kr BET measurements of PIB- and PLU-derived ZnFe2O4 thin films.[34] 
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5.3.1.2 PEC Performance of Sol-Gel Derived Mesoporous Zinc Ferrite Thin Films 
 
By photocurrent measurements in the dark and under simulated sunlight irradiation (AM 1.5G), 
the output in photocurrent density of the previously described mesoporous ZnFe2O4 thin films were 
investigated. The resulting photocurrent densities at 1.23 VRHE are displayed in Figure 5.41. The high 
photocurrent values of samples calcined at 500 °C for short time (0 min or 10 min) have to be evaluated 
very carefully, as these samples were not stable under measurement conditions and depleted from 
the substrate. The lower chemical stability probably arises from a high amount of precursor gel still 
present in those samples, as it was found from in situ GIXRD measurements (compare Figure 5.35).  
Nevertheless, the samples prepared 
calcining for 12 hours at 500 °C were stable 
during and after the PEC measurements. 
A clear dependence of the photocurrent 
density on the calcination temperature and 
calcination period was found for both sample 
types. Mesoporous thin films calcined at the 
same temperature show rising photocurrent 
densities, when the calcination period is 
extended. With increasing calcination 
temperature is increased, higher photocurrent 
densities were detected although the active 
surface area decreased. This was assigned to 
average crystallite sizes and microstrain values 
of the samples. The crystallite size increases 
with higher calcination temperature and longer calcination period, while the microstrain decreases at 
the same time (compare Figure 5.38). This leads to improved charge carrier transport to the thin 
nanostructured surface, which improves the measured photocurrent. Furthermore, long-term calcined 
PLU-derived samples show higher photocurrent densities in comparison to their PIB-derived 
analogues. Although similar average crystallite sizes were obtained, the interconnection of these 
crystallites might vary due to the strong restructuring during pore wall sintering. As the crystallite sizes 
calculated from Rietveld refinement represent only average values, it is possible, that higher 
differences in actual crystallite size could be present in the PIB-templated samples, which might lead 
to a higher number of grain boundaries in the PIB-templated samples. These would react as 
recombination centers and therefore suppress the maximum achievable photocurrent density. The 
results show, that improving the crystallinity of the mesoporous thin films outlines the influence of 
accessible surface area in terms of overall PEC performance.  
 
 
Figure 5.41: Photocurrent values at 1.23 VRHE of PLU- and 
PIB-derived mesoporous ZnFe2O4 photoanodes 
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As already shown during 
previous analysis (see Figure 5.40, 
the highly porous thin films 
exhibit a higher surface area than 
a dense photoelectrode. The 
standard procedure for 
photocurrent density calculation 
is the normalization on the 
irradiated geometric area (1 cm² 
in this case). As the irradiated 
area is not the active area when it 
comes to porous systems, 
photocurrent density values at 
1.23 VRHE obtained of both polymer templates were re-evaluated with regard to the thin films 
properties. This is shown in Figure 5.42, where the photocurrent density normalized on the diameter 
of irritated area (a) is compared to the values considering the actually irradiated surface area obtained 
from Kr physisorption (b) and the catalyst loading per irradiated area (c). By comparing these 
photocurrent density values, the problem of evaluation of the PEC performance becomes evident. The 
standard method applied today (case (a)) might not be suitable for porous photoelectrodes, as it 
neglects the exposed surface to the electrolyte. Furthermore, in nanostructured electrodes, less bulk 
recombination might occur, as the diffusion pathways from to the nanostructured surface are much 
shorter than in bulk materials, leading to less inactive zones within the photoelectrode. Therefore, the 
same amount of absorber could generate a higher photocurrent, when it is nanostructured, which is 
why the absorber loading is not neglectable. Depending on the considered assumptions, the 
assessment of a “good” absorber can be very different. Therefore, this assessment should be stated 
very carefully. 
In Figure 5.43, the photocurrent responses under front side and backside illumination with 
simulated solar light of long-term calcined (12 hours) photoelectrodes and their calculated donor 
densities are shown. There is no major difference in photocurrent density between foreside and 
backside illumination of photoelectrodes, which suggests a similar transport behavior for photo-
generated electrons and holes. This was not expected, as the transport of holes (in this case minority 
carriers) in the oxide is usually quite limited. The equally good transport behavior was accounted to 
the thin film thickness the approx. 240 nm, which allows charge carrier generation across the whole 
thin film, and the nanostructuring, which shortens the diffusion pathway for the minority carriers 
towards the semiconductor surface and was already reported to improve the performance of α-Fe2O3 
photoanodes.[89,91] The donor densities are all in the same range, showing a minor decline with higher 
 
 
Figure 5.42: PEC densities at 1.23 VRHE PIB- and PLU-derived samples 
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calcination temperature. As these samples showed the highest PEC performance in their groups, the 




As the samples calcined at 600 °C for 12 hours showed the highest photocurrent densities, they 
were investigated in more detail. Mott Schottky plots (Figure 5.44) show an identical shape identifying 
ZnFe2O4 as n-type semiconductor with a flat band potential of 0.84 VRHE for both samples. This is in the 
dimension of values reported for non-porous ZnFe2O4 thin films prepared by ALD[30] or ZnFe2O4 films 
prepared by CVD[31], but slightly shifted to higher potential values, which might be attributed to the 




Under intermittent illumination with simulated solar light, both samples show clear photocurrent 
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Figure 5.43: Photocurrent densities under front side and back side solar irradiation and b) calculated donor 
densities of PIB-templated (blue) and PLU-templated (red) mesoporous ZnFe2O4 thin films calcined for 
12 hours.[34] 
Figure 5.44: a) Mott-Schottky plots and b) photocurrent measurements with intermittent irradiation with 
simulated solar light of PLU- and PIB-derived mesoporous ZnFe2O4 thin films calcined at 600 °C with 12 hours 
holding time.[34] 
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Again, the PLU-derived sample shows higher photocurrent densities over a wide potential range 
compared to its PIB-derived analogue. The detected photocurrent onset potential of 0.62 VRHE under 
intermittent irradiation matches with the flat-band potentials reported in literature.[30,31] In general, 
measured and literature values locate the valence band of n-type ZnFe2O4 above the redox potential 
for HER indicating that ZnFe2O4 thin films are suitable to be used as photoanodes for OER in PEC water 




Using Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), a depth profile containing 
information on the elemental distribution across the thin film depth can be obtained. To locate the 
beginning of the Si substrate, the Si- fragment was detected (m/z = 27.98). As shown in Figure 5.45, 
mesoporous thin films, obtained by calcination at 600 °C for 12h, show similar elemental distribution 
for both polymer templates. Across the complete ZnFe2O4 thin film depth, constant amounts of Zn 
(detected by ZnO- fragment, m/z = 79.95) and Fe (detected by FeO- fragment, m/z = 71.95) were found. 
Detection of the C- fragment (m/z = 12.00) implies the presence of carbon residues inside the 
mesoporous films. Analysis of the thin films after PEC measurement revealed a mass signal at 
m/z = 47.98, which belongs to SO- residues from SO32- hole scavenger. The signal course proves that 
SO32- containing electrolyte infiltrated the mesoporous samples over their complete film thickness 
suggesting that the interconnected pore network is fully accessible. 
Because the PLU-templated sample obtained after calcination at 600 °C for 12h was most 
promising concerning its PEC performance, this sample was further investigated. Using intermittent 
illumination with a white light LED (λ ≥ 400 nm), the photocurrent density under visible light excitation 
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Figure 5.45: ToF-SIMS depth profile of mesoporous ZnFe2O4 thin films derived from a) PLU and b) PIB template. 
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In the absence of the sacrificial agent, only a minor photocurrent response was detected with 
transient responses indicating charge carrier accumulation (see Figure 5.46a inset). Whereas, a clear 
distinction between dark current and photocurrent is possible, when SO32- is present. The photocurrent 
onset was found to be 0.69 VRHE for both samples. Resulting from this behavior, no self-corrosion 
during the photocatalytic process is expected. In addition, slow charge transfer kinetics to fill the 
photogenerated holes were identified. This leads to a high recombination rate, which significantly 
lowers the resulting photocurrent. 
By IPCE measurements, determination of the quantum efficiency of the photoelectrode in 
dependence of the illumination wavelength is possible (compare equation (2.29)). As shown in 
Figure 5.46b, very low IPCE was found in the absence of SO32-. In contrast, a drastic increase in IPCE 
with the hole scavenger was detected. This matches with the findings from Figure 5.46a. With 
decreasing photon energy, lower IPCE was found. At 397 nm, an IPCE of 0.05 % is found in the absence 
of Na2SO3 and an IPCE of 0.52 % in the presence of Na2SO3. With a maximum value of 2.01 % at 292 nm, 
the overall IPCE is still quite low. Here, optimization of the photoelectrode by co-catalyst loading[152,246], 
electrochemical treatment[361,362] or combination with other semiconductors to form hetero-
nanostructures[25,196] might help to improve the PEC performance.  
 
 
5.3.1.3 Morphology Conservation via SiO2 Infiltration 
 
In literature, hard-templating is reported to preserve smaller pore sizes during high temperature 
treatment.[138] To see, if this is also applicable for PLU- and PIB-templated ZnFe2O4 thin films, two films 
previously calcined at 600 °C without holding time were infiltrated with SiO2 according to 0. 
Subsequently, they were heat-treated at 600 °C for 12 hours in air. Afterwards, the SiO2 scaffold was 
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Figure 5.46: a) Photocurrent density and b) IPCE measurements of a mesoporous PLU-derived ZnFe2O4 
photoelectrode calcined at 600 °C for 12 hours in 1 M NaOH (bright red) and in 1 M NaOH with 1 M Na2SO3 (dark 
red). 
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etched resulting in pure ZnFe2O4 thin films again. The obtained films were compared to films, which 
were calcined identically but without the SiO2 scaffold. Using XPS analysis, incorporation and removal 
of the scaffold was monitored (Figure 5.47). 
 
  
   
 
 
As shown in Figure 5.47d, there are no signals from Fe 2p or Zn 3s detectable in the samples with 
SiO2 still present. This proofs the complete encapsulation of the mesoporous ZnFe2O4 with SiO2. 
Instead, in the scaffold samples an intense Si 2p signal at 102.3 eV and an O 1s signal at 533.1 eV were 
detected, which is typical for SiO2.[363] In the samples calcined without scaffold and those after SiO2 
removal, XPS signals were found at 137.5 eV and 138.0 eV, which belong to Zn 3s biding energy. The 
Fe 2p signals were detected at 711.3 eV and 711.2 eV, respectively, and match literature values 
reported for ZnFe2O4.[31,240,246] Additionally, the O 1s signals can be seen at 530.1 eV in both sample 
types. A minor Si 2p signal at 99.8 eV can be attributed to Si from the Si wafer substrates.[364] The results 
from XPS analysis match those reported for hematite films with SiO2 scaffold by Brillet et al.[138]  
SEM images of infiltrated samples (Figure 5.48) proof the full encapsulation on the original pore 
structure. Only a smooth surface of SiO2 is visible. After etching, the mesoporous morphology is 
revealed again. Comparing the resulting films with those calcined without SiO2 scaffold (see  
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Figure 5.47: XPS measurements of ZnFe2O4 thin films with and without SiO2 scaffold.[34] 
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 Figure 5.39), the successful 
conservation of the fine pore 
morphology of the PLU-
templated sample becomes 
evident. 
In contrast, the PIB-derived 
sample shows some pore 
collapsing, although the original 
spherical pores can still be 
estimated. As the spherical pore 
network caused by PIB soft 
template is already highly 
interconnected, SiO2 hard-templating cannot fully prevent sintering of the pores during heat 
treatment. With the well-separated grains of PLU-derived sample, the full encapsulation with SiO2 is 
possible enabling complete retaining of the original pore morphology. As a result, the PEC performance 
of PLU sample after etching is only slightly increased due to defect healing during long-term high 
temperature treatment (Figure 5.49a). The higher sintering within the PIB-derived sample leads to 
larger crystallites and less intrinsic defects, which improves the PEC performance (Figure 5.49b). This 
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Figure 5.48: SEM images of PIB-derived (upper) and PLU-derived 
(lower) ZnFe2O4 samples with and without SiO2 scaffold.[34] 
Figure 5.49: PEC performance of (a) PIB-derived and (b) PLU-derived samples with and without SiO2 hard 
templating.[34] 
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5.3.2 Mesoporous Magnesium Ferrite Thin Films 
5.3.2.1 Polymer-Templated Magnesium Ferrite Thin Film Synthesis  
 
As preparation of mesoporous ZnFe2O4 was very successful, the synthesis approach was 
transferred to MgFe2O4. Again, metal nitrates were chosen as metal precursors. Because spherical pore 
shape was not improving the PEC performance compared to irregular pore shapes, Pluronic® F127 was 
chosen as soft template. The calcination procedure was adapted according to chapter 5.3.1, and a 





At first, a characterization of the precursor gels obtained after heat treatment at 300 °C was 
performed. As can be seen in Figure 5.50a, TG analysis revealed three weight loss steps during thermal 
decomposition of the MgFe2O4 precursor gel (104 °C, 327 °C, 417 °C). The first decomposition step is 
probably due to loss of water. By comparison with the TG data of PLU polymer (see Figure 5.32a), the 
second weight loss at 327 °C can be assigned to the removal of the soft template. This was also the 
case for ZnFe2O4 (compare Figure 5.34a). The last weight loss probably marks the final decomposition 
of the nitrate components within the precursor gel, as these appeared in a similar temperature range 
for Mg(NO3)2 precursor (compare Figure 5.33c). The thermal decomposition steps are higher than 
those found for ZnFe2O4 precursor gels. As this was also the case for the nitrate salts of Mg and Zn 
(compare Figure 5.33b-c), the temperature difference can be assigned to a difference in the 
decomposition behavior of the latter. This leads to a higher minimum temperature for the sol-gel 
transition in the MgFe2O4 precursor mixture. 
In the IR spectrum of the 300 °C precursor gel (Figure 5.50b), all expected vibrational bands for the 
precursor gel were detectable. Only a weak signal at 2925 cm-1 indicates residues of PLU, as the 
polymer already decomposes at 300 °C. Therefore, characteristic features of the nitrate components 
become more prominent. Furthermore, very distinct vibrations for OH stretching (3400 cm-1) and 


























































Figure 5.50: TG-MS data and b) IR pattern of precursor gel. 
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OH deformation (1385 cm-1) were found. The pattern looks very similar to the one measured for 
ZnFe2O4-PLU precursor gel (compare Figure 5.34c), which was expected. 
By variation of the calcination 
period between 0 min and 
12 hours, two different pore 
morphologies were obtained, 
which can be seen from SEM 
images (Figure 5.51). Without 
holding time, a closed surface and 
rather non-porous structure was 
obtained. In SEM cross section 
mode, no inside porosity was 
found. In contrast, with 12 hours 
of calcination the surface layer 
breaks up revealing a fine 
porosity, also inside the thin film. 
Nevertheless, the surface is partly 
covered, which might be due to the formation of MgCO3 surface layers. With a short holding time, a 
fine pore structure with small grain sizes was observed, while enhancing the calcination period up to 
12 hours led to larger pore sizes and MgFe2O4 grains. These results match observations made for 
PLU-derived ZnFe2O4 thin films (compare Figure 5.39). Kr physisorption measurement revealed a BET 
surface area of 70 m² g-1 for the sample calcined for 12 hours, which is larger than the value of the 
PLU-derived ZnFe2O4 analogue (38 m² g-1). This is in agreement with SEM images, where the MgFe2O4 
thin film shows smaller pores.  
To compare the UV-Vis absorbance of the 
prepared thin films, transmission UV-Vis 
measurements were performed (Figure 5.52), 
showing a similar light absorption. After GIXRD 
and Raman measurements (Figure 5.53), the 
morphological difference was linked to the phase 
composition of the prepared thin films. Using 
GIXRD and Raman analysis, phase purity of the 
prepared thin films was checked. In the GIXRD 
patterns shown in Figure 5.53a, only an 
amorphous phase was found for the short 
calcination period. Furthermore, no clear signals 
 
 
Figure 5.51: SEM top view (above) and cross section (below) images of 




Figure 5.52: Transmission UV-Vis spectra of MgFe2O4 
thin films. 
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can be seen in the Raman spectrum (Figure 5.53b), which results from non-ordered amorphous 
structure. In contrast, a prolonged calcination period at 600 °C leads to fully crystalline MgFe2O4. All 
reflections match the reference pattern (JCPDS card no. 36-0398) and no additional reflections or 
phase impurities were found. From Rietveld refinement, an average crystallite size of 4.3 ± 0.8 nm and 
an average microstrain of 33.7 % were found (see Table 9.1). The microstrain is in the order of 
magnitude as are the values found for mesoporous ZnFe2O4, but the crystallite size is quite low 
compared to ZnFe2O4 thin films. The Raman spectrum shows all expected vibrational modes of spinel-
type MgFe2O4. They match well with those found for MgFe2O4 nanoparticles (compare Figure 5.1) and 
literature values.[365] The results indicate that short time calcination at 600 °C is not sufficient for 





5.3.2.2 PEC Performance of Sol-Gel Derived Magnesium Ferrite Thin Films 
 
After full phase characterization, the photoelectrochemical (PEC) performance of the prepared 
mesoporous thin films was elucidated. The experimental settings are described in chapter 4.9. At first, 
photocurrent density of both samples was detected during intermittent irradiation with a white light 
LED in the presence of Na2SO3 acting as hole scavenger.  
As displayed in Figure 5.54a, only a minor photocurrent response was detected for the sample 
produced with short calcination period. Furthermore, across a broad range of excitation wavelengths, 
the non-calcined sample shows only very small IPCE values in the presence of Na2SO3 hole scavenger, 
which means only very low photocurrent responses in this range. The IPCE performance at 397 nm is 
< 0.01 %. This poor performance can be attributed to the non-crystalline phase composition. As charge 
carrier separation and transport demand a high crystallinity with few crystal defects. An amorphous 
material exhibits no long-range order, which might lead to a higher recombination rate if the 

















































Figure 5.53: a) GIXRD patterns and b) Raman spectra of mesoporous MgFe2O4 thin films calcined at 600 °C. 
5.3 Results and Discussion − Sol-Gel Derived Mesoporous Ferrite Thin Films 
 
ꟾꟾ  132 
amorphous semiconductor is undoped.[366] In addition, the precursor gel is more an ionic compound 
than a semiconductor, which affects the ability to generate and separate photo-excited charge carriers. 
Although the flat band potential of 0.48 VRHE obtained from Mott Schottky measurement would allow 






In contrast, the sample calcined for 12 hours shows a clear photocurrent response under 
intermittent illumination in the presence of Na2SO3 (Figure 5.54b). The shape of the photocurrent 
response is not well defined but increases before the light is turned off again, indicating that steady 
state was not reached directly after light exposure. This delayed behavior indicates surface passivation, 
which might be due to carbonate species on the semiconductor surface. As expected, without hole 
scavenger, the observed photocurrent density is significantly lower. This indicates that the 
photocurrent under illumination is not generated by material degradation, but due to charge carrier 
exchange with the electrolyte. With a scavenger in the electrolyte, hole transfer is increased, leading 
to higher photocurrent density. The onset potential was detected at 0.5 VRHE. The IPCE measurements 
match with the photocurrent measurements, revealing significantly higher efficiencies in the presence 
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Figure 5.54: Photocurrent density measurements of mesoporous MgFe2O4 thin films calcined at 600 °C with a 
holding time at Tmax of a) 0 min and b) 12 h as well as c) Mott Schottky plots and d) IPCE measurements. 
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of the sacrificial agent. At 397 nm, an IPCE of 0.05 % is found in the absence of Na2SO3, which matches 
the value found for ZnFe2O4 (compare Figure 5.46b). This is already higher as the value reported for 
the previously discussed sample, indicating a better charge separation and charge transfer efficiency 
inside the crystalline MgFe2O4 material already without hole scavenger. When Na2SO3 is present, the 
IPCE value increases up to 0.17 % at 397 nm, which is only one third of the IPCE reported for 
mesoporous ZnFe2O4 calcined under identical conditions (compare Figure 5.46b). From Mott Schottky 
measurement (Figure 5.54d), a flat band potential of 0.51 VRHE, matching the onset potential was 
obtained. The donor density of 1.01 · 1020 cm-3 is slightly lower than the value of 1.89 · 1020 cm-3 
calculated for the sample, which was calcined without holding time. This indicates a thermal healing 
of intrinsic defects during extended calcination period.[88] 
Consequently, the PEC performance under 
simulated sunlight was evaluated. As shown in 
Figure 5.55, no difference was observed 
between front and backside illumination. Due to 
the similarity of MgFe2O4 and ZnFe2O4 
concerning their crystal structure and film 
thickness (approx. 350 nm for mesoporous 
MgFe2O4 thin films), this behavior was expected 
as it was already observed for mesoporous 
ZnFe2O4 thin films. This underlines that charge 
transport exhibits the same efficiency for both 
illumination sides in the mesoporous MgFe2O4 
thin film, i.e. electrons and holes are transported equally well. Nevertheless, due to the limited current 
density, problems in charge carrier transport and injection are assumed. Photocurrent density values 
at 1.23 VRHE obtained from both illumination sides are then re-evaluated in regard of the thin films 
features. This is shown in Figure 5.56, where the photocurrent density calculated on irritated area (1) 
is compared to the values considering the BET surface area per irradiated area (2) and the 
photocatalyst loading per irradiated area (3). When combining both, the actual accessible surface area 
and photocatalyst loading, this results in Figure 5.56(4). Comparison of these values underlines the 
problem of evaluation of the PEC performance, which has already been discussed for mesoporous 
ZnFe2O4 photoanodes. The assessment of a “good” absorber can be very difficult, if not all 




Figure 5.55: Photocurrent measurement of 
mesoporous MgFe2O4 during front and backside 
illumination with simulated solar light. 
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The low performance and conspicuous transient signals shapes from photocurrent measurements 
under intermittent illumination lead to the suspicion of a blocking surface layer covering the 
photoelectrode. Due to this, XPS measurements were performed of the sample obtained after 




In Figure 5.57, the obtained, carbon-corrected C 1s and O 1s XPS spectra are shown. As expected, 
signals for Fe 2p and Mg 1s were found matching the values for Mg-O and Fe-O.[367,368] Furthermore, 
the O 1s and C 1s signal were analyzed. These show the peak of adventitious carbon at 284.8 eV from 
common carbon impurities accompanied by a signal at 288.6 eV. This was assigned to CO32-, indicating 
the presence of MgCO3.[286] The same indication was obtained from the O 1s spectrum, which shows a 
main peak at 530.0 eV for the iron-oxygen bond with Fe3+ in octahedral coordination and a smaller 
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Figure 5.56: Photocurrent densities at 1.23 VRHE normalized to (1) 1 cm² irradiated area (2) irradiated surface area 
(3) irradiated absorber loading (4) irradiated area and absorber loading. 
Figure 5.57: XPS spectra for the a) C 1s and b) O 1s emission line of MgFe2O4 photoelectrode calcined for 
12 hours. 
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tendency for carbonate formation (ΔfH°(MgCO3) = -1095.8 kJ mol-1).[359] A MgCO3 layer on the 
electrode would act as a blocking layer for charge carrier transfer into the solution. Thus, the 
recombination rate is higher and the photocurrent density is lowered. This matches the findings from 
previous experiments (compare Figure 5.54b). 
In summary, phase-pure mesoporous MgFe2O4 photoanodes were prepared already at 600 °C. 
With a flat band potential of 0.51 VRHE according to Mott Schottky measurements and a detectable, 
when moderate photocurrent response, mesoporous MgFe2O4 would be a potential material for OER 
in PEC cells. Nevertheless, optimization of the anode material is necessary in order to remove the 
inactive MgCO3 surface layer and improve the photocurrent density. For this, also the influence of the 
variation of thin films thickness should be analyzed. Besides, the introduction of co-catalysts or 
protection layers as well as electrochemical activation has been reported to improve the PEC 




5.3.3 Mesoporous Calcium Ferrite Thin Films 
5.3.3.1 Polymer-Templated Calcium Ferrite Thin Film Synthesis  
 
As the preparation of spinel type ferrites ZnFe2O4 and MgFe2O4 via sol-gel method was successfully 
realized, this approach was desired to be transferred to orthorhombic CaFe2O4. In a first attempt, metal 
nitrate precursors and PIB 3000 as soft template were chosen. The gelation procedure was adapted as 
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Figure 5.58: a) TG-MS data and b) IR patterns of precursor gels (adapted from Ref. 370 with permission from The 
Royal Society of Chemistry).[370] 
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In Figure 5.58, TG-MS data and IR pattern of the precursor mixture pre-dried at 100 °C are shown. 
Already from DTG data (Figure 5.58a), a multistep decomposition up to very high temperatures is 
visible. The main transformation of the precursor sol into the gel, marked by loss of H2O (m/z = 18) 
takes place until 380 °C. The decomposition of the polymer template, indicated by CO2 evolution 
(m/z = 44) finishes at 400 °C. At 501 °C, distinct signals for loss of NO and NO2 from the nitrate 
precursors appear. This suggests a higher thermal stability of the preformed gel compared to ZnFe2O4 
and MgFe2O4 (compare Figure 5.34 and Figure 5.50). These differences in thermal decomposition 
probably derive from the calcium nitrate precursor, which showed decomposition steps at very high 
temperatures in contrast to nitrate precursors of iron, zinc and magnesium (compare Figure 5.33). A 
final decomposition step at 718 °C accompanied by a CO2 mass signal gives evidence to the 
decomposition of CaCO3, which had formed during the synthesis. In the IR pattern of the precursor gel, 
typical vibrations caused by NO3- are visible at 1642 cm-1, 1460 cm-1 and 824 cm-1. Furthermore, also 
signals caused by the polymer template were detected at 2929 cm-1 attributed to aliphatic C-H groups 
and 1086 cm-1 due to C=O deformation vibration. In the fingerprint region, no sharp band for Fe-O was 
found. Instead, a broad signal between 690 cm-1 and 423 cm-1 indicates first weak metal-oxygen bonds 
with no defined coordination.  
In a first approach, thin films were coated on Si substrates and calcination was performed without 
holding time at 700 °C to follow the pore evolution. Tailor-made polymers with extended 
polyisobutylene unit were chosen as soft templates. The molecular weight of the polymers was varied 
via the length of the polyisobutylene unit (PIB3000, PIB6000 or PIB10000) to create different pore 
sizes. In Figure 5.59a, thin films prepared with different pore templates (PIB3000 and PIB6000 and 





As can be seen, pore size varies depending on the pore template, as these form micelles of different 
sizes. GIXRD patterns of these samples (see Figure 5.59b) revealed, that no crystalline phase of CaFe2O4 





















Figure 5.59: a) SEM images and b) GIXRD patterns of CaFe2O4 films produced with soft templates of different 
molecular weight (* marks artefact of sample holder). 
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was obtained at the chosen calcination temperature. Therefore, optimization of the calcination 
procedure became necessary. As PIB polymers of higher molecular weight showed difficulties 
concerning their solubility and did not lead to a homogeneous pore distribution, PIB 3000 was chosen 
as soft template for following experiments.  
To achieve crystalline samples, the calcination temperature for polymer removal was varied while 
there was no holding at Tmax applied to the samples. In Figure 5.60a, SEM images of samples produced 





The original spherical pore structure changes to an interconnected network with various grain 
sizes. This was attributed to crystallization of CaFe2O4, leading to average crystal sizes exceeding the 
pore wall thickness. Therefore, the original structure breaks down. Here, the highest temperature 
shows the highest pore restructuring, which would indicate the highest amount of crystalline CaFe2O4. 
Again, no reflections were found in GIXRD patterns of most of the samples (Figure 5.60b). Instead, an 
amorphous background was detectable resulting from the precursor gel. This indicates that the 
crystallite formation observed in SEM images probably only occurred at the thin film surface or in 
minor amounts, still yielding a mostly amorphous sample.  
Only the sample calcined at 850 °C showed small reflections indicating the formation of crystalline 
material. Although the reflections were still very broad indicating only very small crystallites and excess 
amorphous components, this sample was chosen for first PEC characterization, which is discussed in 
chapter 5.3.3.2. As a brief outlook, p-type behavior of CaFe2O4 was found, but only limited PEC 
performance was detected.  
 

















 735°C   850°C 
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                      750°C
Figure 5.60: Left: SEM images of CaFe2O4 thin films calcined at different temperatures without holding time; 
right: respective GIXRD patterns. 
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Cross sectional SEM images (Figure 5.61a) show, that large parts of the prepared thin film are not 
connected to the substrate leading to holes inside the mesoporous thin film, which were not visible in 
top view images. Furthermore, the detailed analysis of the GIXRD pattern (Figure 5.61) revealed not 
only the presence of small CaFe2O4 crystallites, but also CaCO3 was formed during synthesis. This can 
react as a passivation layer leading to low photocurrents. With the poor PEC performance, optimization 
of the electrode preparation was necessary. 
As it was already shown for ZnFe2O4 and MgFe2O4, extended calcination periods can lead to 
sufficiently crystalline, mesoporous thin film samples (compare Figure 5.36 and Figure 5.53). This is 
why the prolongation of the holding time was the next step in the calcination optimization. Low 
calcination temperatures were still desired to develop a competitive synthesis alternative to high 
temperature solid state reactions known for CaFe2O4. Therefore, a maximum calcination temperature 




















































































Figure 5.61: Left: top view and cross section SEM images of CaFe2O4 thin film calcined at 850 °C without holding 
time; right: respective GIXRD pattern. 
Figure 5.62: GIXRD pattern and Raman spectrum of PIB-templated CaFe2O4 thin film calcined at 800 °C in air for 
4h. 
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With the chosen calcination procedure, crystalline thin films with a porous structure were 
obtained. GIXRD and Raman measurements (see Figure 5.62) revealed a large number of by-phases, 
especially α-Fe2O3 and Ca2Fe2O5 as thermodynamically favored phases due to their low Gibbs free 
formation enthalpies.[359],[371] Further investigations using EDX technique revealed a non-ideal Ca:Fe 
ratio of 1:4.74:1 already in the precursor gel (compare Figure 9.8). Although stoichiometric amounts 
of metal nitrates were used, this did not result in stoichiometric metal cation ratio in the gel. It is widely 
reported in literature, that calcium nitrate is highly hygroscopic.[372] With an undefined water uptake 
of the calcium precursor under ambient conditions, the calculated masses would not correspond to 
the desired Ca amounts. This was presumed to be the reason for underrepresented Ca. Therefore, 
fresh calcium nitrate precursor was stored and handled inside a glovebox to suppress water uptake 
from the surrounding. 
To check, whether the desired Ca:Fe was achieved, a precursor gel film (300 °C) was analyzed using 
EDX. This revealed an almost ideal ratio (Ca:Fe 1:1.91) in the precursor gel (compare Figure 9.9). 
Furthermore, because enhanced crystallite growth leads to full breakdown of the original pore 
morphology (compare Figure 5.39), the use of expensive tailor-made soft template PIB3000 was not 
necessary because the original pore structure was not maintained during calcination. This is why all 




With the optimized precursors and new polymer template, the minimum temperature for 
formation of crystalline CaFe2O4 was investigated. Calcination at 600 °C, even after 12 hours, did not 
yield the ferrite phase, as evident from GIXRD and Raman measurements (Figure 5.63), in contrast to 
cubic spinel type ZnFe2O4 and MgFe2O4, which were successfully prepared under these calcination 
conditions. This is due to the complex, multistep decomposition of the precursor gel as shown in 
Figure 5.58 (compare also Figure 5.33), and the necessary Gibbs free formation energy for CaFe2O4 
(ΔfH°(CaFe2O4) = -37.48 + 1.16·T kJ mol-1). 



































Figure 5.63: a) GIXRD patterns and b) Raman spectra of CaFe2O4 precursor gel and obtained after calcination at 
600 °C (adapted from Ref. 370 with permission from The Royal Society of Chemistry).[370] 
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As already used for investigation of ZnFe2O4 formation from precursor gels, GIXRD in combination 
with an in situ heating stage was used to perform calcination experiments in synthetic air. The results 
displayed in Figure 5.64 show, that no reflections appear for the samples calcined at 600 °C, which is 
in agreement with Figure 5.63. This indicates that this temperature is not sufficient to induce 
crystallization of CaFe2O4. The successful transformation of amorphous precursor gel into crystalline 
compound was achieved during in situ experiments at 700 °C. The increase of the (320) reflection of 
CaFe2O4 between 0 min and 120 min can be seen. After 120 min of calcination, a shift in the maximum 
alongside reflex broadening appears. Comparison of the Gibbs free enthalpy of formation for CaFe2O4 
((ΔfH°(CaFe2O4) = -37.48 + 1.16·T kJ mol-1) and Ca2Fe2O5 (ΔfH°(Ca2Fe2O5) = -45.28 - 13.51·T kJ mol-1) 
also shows that the formation of CaFe2O5 is thermodynamically favored, especially at high 
temperatures.[371] 
Therefore, the shift of the (320) 
reflection is a first hint of transformation of 
CaFe2O4 into Ca2Fe2O5.[371] With a constant 
holding time of 4 hours, the maximum 
temperature during calcination was varied 
to influence the pore morphology. In Figure 
5.65, SEM top view images of films 
obtained after calcination at 600 °C, 700 °C, 
750 °C and 800 °C are shown. The originally 
pore structure of small mesopores 
combined with larger macropores, which 
can be found in the 600 °C sample, is only 
present in the precursor gel. When CaFe2O4 
crystallization starts, the pore walls of the 





Figure 5.64: GIXRD measurements during in situ heating of 
mesoporous CaFe2O4 thin films at (a) 600 °C and (b) 700 °C 
(adapted from Ref. 370 with permission from The Royal 
Society of Chemistry).[370] 
Figure 5.65: SEM images of CaFe2O4 thin films calcined in air at different temperatures with 4 hours holding time. 
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After calcination at 800 °C most of the pores have been lost due to strong sintering of the pore 
walls, which is why 800 °C should not be exceeded when porous CaFe2O4 thin films are desired. XRD 
and Raman analysis of these samples is displayed in Figure 5.66. When samples were calcined at 750 °C 
and 800 °C, high amounts of by-phases (α-Fe2O3 and Ca2Fe2O5) were detected in GIXRD patterns (Figure 
5.66a). The same trend was found in the Raman spectra (Figure 5.66b). Here, the development of the 
second prominent by-phase Ca2Fe2O5 can be followed via the increase of the Raman mode above 
700 cm-1. The lower calcium amount available for formation of CaFe2O4 supported its thermal 




As calcium precursors highly tend to form calcium carbonate under temperature treatment in air, 
this was assumed to cause a lowering in the overall calcium content, leading to non-stoichiometric 
metal amounts. With calcination in air, a certain amount of CO2 is always present, which would 
expedite carbonate formation. Furthermore, no gas flow was used during the calcination so far, which 
is why CO2 evolved during porogen decomposition was not flushed away. Therefore, calcination with 
constant gas flow in different gas atmospheres was investigated in order to achieve phase pure 
CaFe2O4. 
Measuring GIXRD and Raman spectra (Figure 5.67) revealed that calcination under O2 exclusion 
leads to even higher amounts of α-Fe2O3 by-phase. As α-Fe2O3 is a thermodynamically very favored 
structure (ΔfH°(α-Fe2O3) = -824.2 kJ mol-1)[359], oxygen-free conditions only lead to this stable form, 
while CaFe2O4 with a more complex structure needs longer time and sufficient oxygen supply, 
obviously. Comparison of the Gibbs free enthalpy of formation for CaFe2O4 and Ca2Fe2O5 
((ΔfH°(CaFe2O4) = -37.48 + 1.16·T kJmol-1), (ΔfH°(Ca2Fe2O5) = -45.28 - 13.51·T kJmol-1))[371] also shows, 
that the formation of CaFe2O5 is thermodynamically favored, especially at high temperatures. 
 
 































































Figure 5.66: a) GIXRD patterns and b) Raman spectra of CaFe2O4 thin films calcined in air at different 
temperatures with 4 hours holding time. 
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This matches the results of in situ GIXRD measurements, where a formation of CaFe2O5 over time 
was observable (compare Figure 5.64b). These results suggest lower calcination temperatures and 
shorter calcination periods for synthesis of phase-pure CaFe2O4 thin films. Furthermore, no 
improvement was found when CO2-free synthetic air (20 % O2, 80 % N2) was used during calcination. 
From this, the conclusion was drawn that carbonate formation was not the main problem leading to 
by-phase formation. EDX analysis revealed an almost ideal ratio (Ca:Fe 1:1.91, Figure 9.9) in the 
precursor gel, but a decreased Ca amount in the calcined sample (Ca:Fe 1:4.10, Figure 9.10). The 
decreased amount of Ca in calcined samples could not be explained. To overcome this, 30 % excess of 
Ca precursor was used to overcome the shortfall observed for the previous samples, leading to molar 
ratio of 1:1.99 (compare Figure 9.11) in the precursor mixture. This led to phase pure mesoporous 
CaFe2O4 samples according to GIXRD and Raman analysis (Figure 5.68).  
 
   
 






































































































































Figure 5.67: a) GIXRD patterns and b) Raman spectra of CaFe2O4 thin films calcined in different gas atmospheres 
for 4 hours. 
Figure 5.68: a) GIXRD patterns (* marks artefacts of CaFe2O5) b) Raman spectra of CaFe2O4 thin films synthesized 
with 30 % Ca precursor excess (adapted from Ref. 370 with permission from The Royal Society of Chemistry).[370] 
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The GIXRD patterns (Figure 5.68a) of samples calcined at 650 °C and 700 °C reveal a mainly 
amorphous phase produced at 650 °C, while calcination at 700 °C for either 1 hour or 4 hours leads to 
phase pure CaFe2O4 when comparing the measured data to the JCPDS reference pattern (JCPDS card 
no. 32-0168). Using the Scherrer equation (equation (4.1)), a rough estimation of the crystallite size 
was made for the thin films calcined at 700 °C. For this purpose, three reflections ((200), (311), and 
(220)) were fitted with a Gaussian curve and the average of the obtained crystallite sizes was taken. 
For the sample calcined for one hour, an average crystallite size of 24.9 nm was calculated, while 
25.5 nm is a slightly higher value found for the sample obtained after longer calcination period. The 
same trend was found for mesoporous ZnFe2O4 thin film samples (compare Table 9.1). For the two 
crystalline films, Ca:Fe ratios of 1:1.92 and 1:2.31 (compare Figure 9.12) were found after calcination 
at one hour or 4 hours, respectively. Some weak reflections were found for the sample calcined for 
4 hours, which were attributed by comparison with the COD spectral database suggested very small 
crystallites of Ca2Fe2O5 (JCPDS card no. 47-1744). Raman spectra (Figure 5.68b) were recorded to 
exclude minimum amounts of α-Fe2O3 impurities. According to group theory, orthorhombic Pnma 
structure of CaFe2O4 has 42 Raman active modes (14 Ag, 14 B2g, 7 B1g, 7 B3g), which should be triggered 
by polarized Raman scattering.[373] In the recorded spectra, 13 and 18 respective Raman modes were 
detected. As non-polarized light was used for Raman excitation, the lower number of modes can be 
explained by superimposition of Raman modes. The detected values were compared to literature 
reports (Table 9.5), matching well with the theoretical band positions.[373] No additional bands 
indicating α-Fe2O3 or other impurities were found.[33] With a closer look into the low frequency region 
of the sample calcined for 4 hours, a weak signal above 700 cm-1 is visible, which was attributed to 
minor amounts of Ca2Fe2O5 appearing after long-term calcination. [374] The uncontrolled evolution of a 






















 PLU 700°C 4h
 PLU 700°C 1h
Figure 5.69: a) UV-Vis spectra, b) SEM top view (above) and cross section (below) images of CaFe2O4 thin films 
calcined at 700 °C (adapted from Ref. 370 with permission from The Royal Society of Chemistry).[370] 
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Besides, both samples show comparable absorbance according to UV-Vis analysis (Figure 5.69a). 
Furthermore, a rather homogenous pore size distribution in the mesopore range was found from SEM 
analysis (Figure 5.69b). Furthermore, macropores developed during the sintering process. This lead to 
a hierarchical pore structure, which can be very beneficial for photocatalytic applications as reported 
in literature. [42] 
From these results, it can be assumed that CaFe2O4 with hierarchical pore structure was 
synthesized at rather low temperatures using a sol-gel based dip coating approach. Sufficient phase 
purity was observed after short calcination periods, while Raman spectroscopy revealed minor amount 
of Ca2Fe2O5 by-phase after calcination at extended periods. As already discussed earlier, CaFe2O4 is an 
interesting material for photocatalytic and photoelectrochemical applications. Therefore, 
photoelectrochemical characterization of macro-mesoporous CaFe2O4 thin films produced at 700 °C 
with different holding periods were performed. 
 
 
5.3.3.2 PEC Performance of Sol-Gel Derived Calcium Ferrite Thin Films 
 
In Figure 5.70, Mott Schottky plot and photocurrent measurement during intermittent light 
irradiation are shown. The Mott Schottky plot (Figure 5.70a) shows a negative slope suggesting p-type 
semiconducting behavior of CaFe2O4. This is remarkable as there are only few reports about 
oxide-based semiconductors with p-type behavior.[54,204] The flat band potential was estimated to be 
1.29 VRHE, which would locate the Fermi level. In p-type semiconductors, the Fermi level is close to the 
valence band level. Regarding in the reported band gap for CaFe2O4 of 1.9 eV[3], the conduction band 
potential of the fabricated CaFe2O4 electrode would be around -0.6 VRHE, which is suitable for hydrogen 
evolution reaction.  
 
  












































Figure 5.70: a) Mott Schottky plot and b) photocurrent measurement in Ar-purged 0.1 M Na2SO4 during 
intermittent irradiation of CaFe2O4 photoelectrode calcined at 850 °C with 0 min holding time. 
5.3 Results and Discussion − Sol-Gel Derived Mesoporous Ferrite Thin Films 
145  ꟾꟾ   
Moreover, p-type semiconductors show downwards band bending, which is beneficial for H2 
evolution reaction (HER) as already discussed in 2.2.2. This means that porous CaFe2O4 are promising 
candidates as photocathodes in HER due to their earth-abundant elements, low cost precursor 
materials, cheap synthesis approach and cathodic photoelectrochemical behavior. The photocurrent 
measurements (Figure 5.70b) underline the p-type behavior of the prepared photoelectrode, but show 
only limited photocurrent densities in the analyzed range. It was assumed that low crystallinity of the 
prepared sample leads to insufficient charge carrier separation and transport. This was already found 
for MgFe2O4 photoelectrodes (compare Figure 5.54). Therefore, further optimization of the synthesis 





PEC characterization of the optimized photoelectrodes calcined at 700 °C in air for 1 hour and 
4 hours, respectively, is shown in Figure 5.71. Photocurrent measurements with intermittent 
irradiation as well as Mott Schottky plots indicate a p-type semiconductor. Both samples show 
comparable flat band potentials of 1.04 VRHE and 1.11 VRHE. With a reported band gap of 1.9 eV[3], the 
valence band potentials of the fabricated CaFe2O4 electrodes would be around -0.8 VRHE, which is 
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Figure 5.71: Photocurrent measurements under intermittent illumination a) in the absence of sacrificial agents 
and b) with methanol, as well as c) Mott Schottky and d) IPCE measurements of porous CaFe2O4 thin films calcined 
at 700 °C; measurements conducted in a+c) Ar-purged 0.1 M Na2SO4, b+d) Ar-purged 0.1 M Na2SO4 with 10 % 
MeOH (adapted from Ref. 370 with permission from The Royal Society of Chemistry).[370] 
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suitable for HER. The calculated band positions are in the range of values reported by Kim et al.[3], but 
shifted to lower potentials by approx. 0.1 V. This discrepancy can be explained by the different analysis 
methods used to determine the band positions. 
The photocurrent densities are in the same range, too. 22.5 μA cm-² were found for the sample 
calcined for 1 hour and 26.4 μA cm-² were found for the sample calcined for 4 hours. This indicates that 
prolonged calcination at 700 °C does not increase the photoactivity for CaFe2O4 prepared according to 
3.2.3.1. Therefore, one hour of calcination period at 700 °C is already sufficient to gain photoactive, 
porous CaFe2O4 photoelectrodes. With SO32- hole scavenger both samples did not show any 
photocurrent activity, indicating that SO32- is not matching the system. This is why methanol (MeOH) 
was chosen as alternative sacrificial agent. In the presence of MeOH the sample calcined for one hour 
shows better photocurrent response, while the photocurrent density is drastically decreased for the 
sample calcined at 4 hours when MeOH is present. This indicates disturbed hole transfer to the 
scavenger leading to higher recombination rates, which lowers the measured photocurrent. Although 
the photocurrent improved for the other sample, it did not double compared to scavenger-free 
experiments, which had been expected due to photocurrent doubling effect caused by MeOH. The 
same phenomenon was observed for IPCE measurements of both samples in the absence and presence 
of MeOH hole scavenger (see Figure 5.71d). The IPCE of samples without scavenger match the 
observations from photocurrent density and UV-Vis with a higher efficiency found for the sample with 
longer calcination period. At 400 nm, an IPCE of 0.59 % was recorded. In the presence of MeOH, the 
IPCE of this sample drops to 0.23 % at 397 nm. Again, this suggests hindered hole transfer in the 
presence of MeOH. The IPCE value of the sample with shorter calcination period rises, when MeOH is 
present. The value detected at 397 nm being 0.5 % with MeOH is more than twice as high compared 
to scavenger-free experiments with 0.23 %. This can be attributed to a slightly better hole transfer and 
of course photocurrent doubling caused by MeOH. 
The intense spikes indicate very slow hole transfer reaction at the solid-liquid interface. Even 
though typical hole scavengers were used, the overshoots improved only slightly. This leads to the 
assumption, that not only hole transfer is problematic within the system. As reports already states 
strong Fermi level pinning in CaFe2O4[241], the rate-determining step occurs within the Helmholtz layer. 
For further insights, the phase-pure CaFe2O4 photoelectrode obtained after 1-hour calcination was 
studied in 0.1 M Na2SO4 with the presence of hydrogen peroxide (H2O2). At first, the photocurrent 
output during linear potential sweeping under front and backside solar light illumination was 
investigated. In Figure 5.72, the results are shown in comparison to the PEC response in the absence 
of sacrificial agents. A clear improvement in photocurrent density is visible, which is attributed to H2O2, 
which has a much higher reaction rate for oxidation compared to water.[375] Furthermore, no significant 
difference was found for illumination from the front or the back, which indicates that the bulk 
recombination is comparable under both conditions (Figure 5.72a). Under intermittent front side 
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illumination (Figure 5.72b), an improved charge charrier transfer was found in the presence of H2O2, 




According to these measurements, the 
charge injection and charge recombination rates 
were calculated according to a procedure 
proposed by Dotan et al.[375] With the charge 
separation efficiency (upper part of Figure 5.73), 
the amount of photogenerated holes, which 
successfully diffused to the electrode’s surface 
without recombination within the bulk material 
can be determined.[375] A maximum value of 
0.9 % was reached at 0.5 VRHE, which suggests 
that at this potential vs RHE, the recombination 
rate within the bulk material is the lowest. 
Nevertheless, all calculated charge separation 
efficiencies are very low. This can be attributed to a very short diffusion length of the minority charge 
carriers, which promotes fast recombination before the charge carriers reach the electrode surface. 
Here, either doping with suitable elements could lead to larger charge carrier diffusion length, or even 
thinner pore walls could shorten the diffusion pathway towards the electrode surface. For non-porous 
α-Fe2O3 photoelectrodes, Dotan and co-workers reported a maximum charge separation efficiency of 
18.6 %, which is a desirable value for the produced electrodes to improve their PEC performance.[375] 
The charge injection efficiency, depicted in the lower part of Figure 5.73, describes the yield of 
holes reaching the photoelectrode surface and being injected into the electrolyte to perform oxidation 






















































































Figure 5.72: Photocurrent measurements in 0.1 M Na2SO4 under simulated solar light (AM 1.5G) in the absence 
(green) and presence (blue) of H2O2 under a) dark conditions and illumination from the front and backside, and 
b) under intermittent front side illumination (adapted from Ref. 370 with permission from The Royal Society of 
Chemistry).[370] 
 
Figure 5.73: Charge separation efficiency (upper, 
black) and charge injection efficiency (lower, grey) 
calculated according to a procedure reported by 
Dotan et al.[375] (adapted from Ref. 370 with 
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processes.[375] Here, a maximum value of 72 % was found at 0.2 VRHE, which is equal to an external bias 
of -0.2 V in 0.1 M Na2SO4. This is a quite promising value for charge carrier injection, but there is room 
for improvement compared to the maximum value of over 90 % reported for non-porous α-Fe2O3 
photoelectrodes.[375] A larger external bias or a suitable protection layer could drive the charge 
injection to higher efficiency. The charge injection efficiency decreases with higher potential, but stays 
around 20 % over a wide range before almost complete decline at the photocurrent onset potential. 
From these results, issues in charge carrier transport within the solid material as well as an 
optimizable charge carrier transfer become apparent. Both aspects need to be addressed for overall 





One reason for the limited PEC performance could be the presence of CaCO3 at the thin film 
surface. From XPS measurements, which are sensitive to species at the surface of the sample, the 
presence of CaCO3 was identified. 
The survey spectrum (Figure 5.74a) shows signals for calcium, oxygen, iron and carbon. No 
additional elements were detectable. In the C 1s spectrum (Figure 5.74b) calcium carbonate (289.7 eV) 
and carbonate-like (288.5 eV) species were detected.[376] Further evidences for CaCO3 were found in 








































































































































Figure 5.74: XPS spectra of the CaFe2O4 thin film calcined for 1 hour at 700 °C: a) survey spectrum, b) C 1s 
spectrum, c) O 1s spectrum and d) Ca 2p spectrum (adapted from Ref. 370 with permission from The Royal 
Society of Chemistry).[370] 
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the O 1s spectrum (Figure 5.74c), which revealed a peak at 531.3 eV in addition to the typical Fe-O 
signal at 529.5 eV reported for octahedrally-coordinated iron oxides.[368,377] The Ca 2p spectrum 
(Figure 5.74d) shows the most complex structure with signals for Ca-O bonding at 350.1 eV (2p1/2) and 
346.6 eV (2p3/2) in addition to signals at 350.6 eV (2p1/2) and 347.1 eV (2p3/2) typical for CaCO3.[378] The 
spin-orbit splitting of 3.5 eV matches calcium with an oxidation state of +2. With the very low 
formation enthalpy of CaCO3 (ΔfH°(CaCO3) = -1206.9 kJ mol-1)[359], which was already discussed 
previously, the appearance of CaCO3 during calcination in air seems to be unavoidable. 
 
 
5.4 Nanoparticle-Derived Zinc Ferrite Thin Films 
 
In a report from 2011, the production of mesoporous α-Fe2O3 thin films by deposition of a Fe3O4 
colloidal solution and consecutive heat treatment.[127] As a monocrystalline precursor for thin film 
preparation might be advantageous for charge carrier transport within mesoporous films, a synthesis 
procedure for mesoporous ZnFe2O4 thin films from colloidal ZnFe2O4 solution was developed. 
In a first approach, PVP-coated ZnFe2O4 nanoparticles in polar solvents were used in order to 
produce porous thin films directly created from crystalline nanoparticles (see chapter 3.2.2.1). The 
complete analysis of PVP-encapsulated ZnFe2O4 nanoparticles was presented in chapter 5.2.1.2.  
At first, TGA was used to follow the polymer 
removal. The thermal decomposition of PVP-
encapsulated ZnFe2O4 nanoparticles, which is 
displayed in Figure 5.75, shows a first weight loss 
of 5 % at 70 °C. This can be attributed to residue 
of ethanol solvent. The main decomposition 
between 300 °C and 400 °C is due to removal of 
the polymer shell. After this weight loss of 12 %, 
no change in sample mass was observed up to 
800 °C. This indicates that all organic compounds 
can be completely removed by thermal 
treatment at 400 °C. Also, after heat treatment 
at 300 °C, complete polymer removal cannot be achieved and a certain amount of PVP will still be left 
within the thin films. To see if the morphology and crystallinity of ZnFe2O4 nanoparticle derived thin 
films can be influenced by thermal treatment, calcination of as-prepared thin films in air was 
performed. Then, GIXRD data were collected to validate the phase purity of the samples. No impurities 
of hematite or zinc oxide were detectable. All XRD reflections were attributed to phase pure ZnFe2O4. 
 
 
Figure 5.75: TG-DTG of PVP-coated ZnFe2O4 
nanoparticles. 
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In Figure 5.76, Rietveld refinements of the GIXRD patterns are shown. By calcination at different 
temperatures, the average crystallite size and microstrain of the thin films was tunable. At calcination 
temperatures of 500 °C and below, crystalline materials of around 16 nm with microstrain values of 
36 % to 42 % were obtained (see Figure 5.76a-b and Table 9.1). This suggests, that no sintering appears 
at these temperatures, matching the findings from in situ GIXRD measurements of sol-gel derived 
mesoporous thin films (compare Figure 5.35). With calcination temperatures above 500 °C, sintering 
of the nanoparticles together with crystallite growth is induced (Figure 5.76c-d). This is in agreement 






SEM images (Figure 5.77) of the calcined films underline the suggested sintering. The sample 
prepared at 300 °C clearly consists of single nanoparticles matching the average crystallite size 
obtained from Rietveld refinement (compare Figure 5.13a). 
 












300°C La = 15.9 nm    1.3 nm
 = 43.0 %
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La = 15.5 nm    1.3 nm
 = 36.2 %
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La = 18.5 nm    1.7 nm
 = 26.4 %
c)













La = 24.1 nm    3.8 nm
 = 22.9 %
d)
Figure 5.76: Rietveld refinement of XRD patterns obtained for nanoparticle-derived ZnFe2O4 thin films. 
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These single nanoparticles grow to larger grains already at 500 °C due to particle sintering. After 
calcination at 700 °C, drastically increased grain sizes around 30 nm are visible. Interestingly, the 
typical worm-like pore morphology of mesoporous ZnFe2O4 appears, which was also obtained after 
long-term thermal treatment of sol-gel derived, polymer templated thin films. This implies that the 
obtained pore morphology represents an equilibrium in mesopores evolution of ZnFe2O4.  
Film thickness was tailored by multiple 
coating with linear coherence of the thickness 
and the number of coating steps. In 
Figure 5.78, this is depicted for film thick-
nesses obtained from SEM cross-section 
analysis of a film prepared at 300 °C. The 
thickness of monolayer samples was not 
measureable due to very small extension of 
the layer.  
For first evaluation of the PEC 
performance, a thin film of 239 nm thickness 
prepared by five times coating was calcined at 600 °C for 12 hours exhibiting a relative surface area of 
31.2 m² g-1. This is comparable to the film thickness and calcination procedure of the best-performing 
ZnFe2O4 thin film produced by soft template sol-gel approach. The measurement was performed in 
1 M NaOH/1 M Na2SO3 electrolyte in the dark, under simulated solar light and with LEDs of selected 
wavelength. The results of PEC analysis are displayed in Figure 5.79. 
The photocurrent response under intermittent illumination with simulated solar light 
(Figure 5.79a) does not show any transients, which proves the suitability of the chosen sacrificial agent. 
The onset potential (0.74 VRHE) and the flat band potential (0.73 VRHE) are in good agreement. 
Furthermore, the flat band potential obtained from Mott Schottky plot (Figure 5.79c) is lower than for 
sol-gel derived thin films (compare Figure 5.44a) and matches well with literature reports.[30,31] The 
Figure 5.77: SEM images of heat-treated mesoporous thin films prepared from PVP-coated ZnFe2O4 
nanoparticles. 
 
Figure 5.78: Dependence of the film thickness on the 
number of coating steps. 
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donor density ND is two orders of magnitude higher than the values found for different sol-gel derived 
ZnFe2O4 thin films (compare Figure 5.43b). This can result from more intrinsic defects, such as grain 
boundaries, which develop during particle sintering.  
Additionally, there is a significant difference in the photocurrent density under foreside and back 
side illumination with simulated solar light as shown in Figure 5.79b (compare Figure 5.43a). Although 
the thin films shows a similar film thickness, the charge carrier transport inside the thin film is 
significantly different from the behavior found for sol-gel-derived mesoporous ZnFe2O4 thin films. The 
foreside photocurrent density matches with the value reported for the PLU-derived sample calcined 
after an identical procedure. In contrast, the backside illumination results in a 95 % higher value 
(122 μA cm-²). The dependence of the photocurrent from the illumination side unveils difficulties in 





As the light penetration depth is limited and decreases over the thickness of the thin film, the side 
of illumination determines where a larger number of charge carriers are generated. For front side 
illumination, the majority of charge carriers in created close to the electrode-electrolyte interface, 
while under backside illumination, more charge carriers are generated close to the ohmic contact with 
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back: 122 A/cm² @ 1.23 V
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Figure 5.79: PEC performance under a) intermittent illumination, b) front and backside illumination, c) Mott 
Schottky plot and d) IPCE of the nanoparticle-derived ZnFe2O4 thin film. 
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the conductive layer. For ZnFe2O4, being an n-type semiconductor, the holes generated during 
illumination are supposed to be transported to the electrode-electrolyte interface, where they can 
perform oxidation reaction. Therefore, under front side illumination the diffusion path for holes is less 
critical, as they are already generated close to the surface. In contrast, the diffusion path for electrons 
created close to the surface is significantly longer, as they need to travel to the back contact to be 
extracted. Under backside illumination, this principle is reversed. Therefore, an increased 
photocurrent under backside illumination indicates difficulties in the electron transport process to the 
back-contact for nanoparticle-derived ZnFe2O4 thin films. The electrons generated close to the 
electrode-electrolyte interface are not efficiently transported through the layer to be collected at the 
backside of the electrode, which reduces the overall photocurrent. Instead, charge carrier 
recombination occurs during charge carrier transport. This implies a short diffusion length for electrons 
possible in the material, which would match reports of only few nanometers diffusion length in α- and 
γ-Fe2O3.[212] Furthermore, the grain boundaries formed during particle sintering can act as electron 
recombination sides. The hindered electron transport is also the reason for lower IPCE values 
compared to the best-performing sol-gel derived mesoporous ZnFe2O4 electrode (compare 
Figure 5.46b).  
 
 
5.5 Mesoporous Zinc Ferrite Powders 
 
Bridging the gap between single ferrite nanoparticles and mesoporous ferrite thin films, an 
additional class of solid materials was investigated. For this purpose, porous ferrite powders were 
synthesized according to chapter 3.2.5. A class of PLU-templated ZnFe2O4 powders were heat-treated 
identically to the mesoporous thin films. For comparison, also PIB-derived powders were synthesized. 
The samples were found to be phase pure according to XRD and Raman analysis as shown in 
Figure 5.80. PLU and PIB-derived precursor gels obtained after heat treatment at 300 °C do not show 
any reflections in their XRD patterns. This is in agreement with mesoporous thin films prepared under 
identical conditions. For calcined samples, all reflections match the reference pattern (JCPDS reference 
card no. 22-1012). Furthermore, all expected Raman resonance vibrations were detectable in these 
samples. No further signals were found, proving the absence of impurity phases in the prepared 
materials. To evaluate the crystallinity of mesoporous ZnFe2O4 powder Rietveld refinements of their 
XRD patterns were created (see Table 5.7). Furthermore, N2 physisorption data were recorded to 
evaluate if the synthesis approach yielded mesoporous powders.  
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The N2 physisorption isotherms and pore size distributions of PLU- and PIB-templated samples are 
shown in Figure 5.81. N2 physisorption of the calcined powders revealed a type IV(a) isotherm, which 
is typical for mesoporous materials, with a H3 hysteresis loop indicating slit pores in a mesoporous 
solid compound. The precursor gels only show a H2(b) hysteresis, which is typical for pore blocking in 
wider pore necks, and inter-particle porosity because of incomplete porogen removal (compare Figure 
5.32 and Figure 5.34). Here, a strong decrease in cumulative pore volume in combination with 
increasing pore diameters was found for calcined samples in comparison to their precursor gels 
(Figure 5.81c-d). The gels obtained after heat treatment at 300 °C of both polymer templates show a 
comparable pore radius, while the PLU-templated sample has a higher pore volume indicating a higher 
mesopore content. Calcination at elevated temperatures for 12 hours leads to a significant loss of pore 
volume accompanied by decreasing surface area and larger pore diameters, which is indicative for a 
strong sintering of the nanostructured solid. The pore sizes obtained after calcination are around the 
same size, which matches observations made for mesoporous ZnFe2O4 thin films (compare 
Figure 5.39). With higher temperature, stronger sintering occurs resulting in the lowest surface area 
and smallest pore volume for the PLU-templated sample calcined at 600 °C for 12 hours.  
 




















































Figure 5.80: XRD data and b) Raman spectra of mesoporous ZnFe2O4 powders. 
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When comparing an equally treated PIB-templated sample (600 °C, 12 hours), pore size and 
surface area are in good agreement with the values of the PLU-templated sample, while the pore 
volume is slightly lower. As the uncalcined PIB gel already showed lower pore volume compared to the 
PLU-derived gel, a lower final pore volume after sample sintering was expectable. The results of N2 
physisorption and Rietveld refinement are listed in Table 5.7. 
 
Sample La / nm η / % dp (NLDFTads) / nm Vp / cm³ g-1 SL / m² g-1 
ZFO PLU 300 °C - - 6.8 0.374 252.0 
ZFO PIB 300 °C - - 6.8 0.286 168.1 
ZFO PLU 500 °C 12h  16.1 ± 1.2 22.9 24.6 0.180 66.0 
ZFO PLU 550 °C 12h  19.7 ± 1.7 20.9 25.5 0.109 44.2 
ZFO PLU 600 °C 12h  21.4 ± 1.5 17.1 24.6 0.094 32.0 
ZFO PIB 600 °C 12h 21.3 ± 1.0 7.8 25.5 0.063 34.0 
La = average crystallite size / η = average microstrain / Vp = pore volume / dp = pore diameter / 
SL = Langmuir surface area 
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Figure 5.81: N2 physisorption isotherms of ZnFe2O4 powders synthesized with a) Pluronic® F127 and b) PIB3000 
soft template. 
Table 5.7: Parameters obtained from Rietveld refinement of XRD data from ZnFe2O4 powders. 
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The increasing crystallite size with increasing calcination temperature supports the theory of 
sintering, which leads to crystallite growth in solid materials. Alongside this, the microstrain decreases 
at higher calcination temperatures. This indicates a loss in surface area, because microstrain depicts 
crystal defects including surface area being the largest defect in a highly mesoporous material.[379] 
Similar trends and crystallite sizes were obtained from Rietveld refinement of mesoporous ZnFe2O4 
thin films (compare Figure 5.38). Besides, the results match well with those from N2 physisorption 
measurements. Overall, the trend of increased sintering alongside with loss of surface area during 
calcination at higher temperatures is in good agreement with the findings from Kr physisorption 
measurements of mesoporous ZnFe2O4 thin films mentioned in chapter 5.3.1 (compare Figure 5.40). 
Physisorption results prove that mesoporous powders were obtained from the synthesis as desired.  
The IR patterns depicted in Figure 5.82 show the transformation of the precursor gels obtained 
from calcination of polymer template containing synthesis mixtures. In the region between 1500 cm-1 
and 1200 cm-1, distinct vibration signals can be found in the gels. These originate from the organic 
building blocks of the soft templates. Instead of two sharp bands at 552 cm-1 and 439 cm-1, which are 
typical for solid ZnFe2O4, only a very broad vibration band can be seen. This indicates a preformed 
connection with non-uniform bond length in the precursor gel.  
The calcined samples show the expected, well-separated vibrational bands of the solid compound. 
Besides, the signals originated from the polymer decline. Only a weak, sharp signal at 1348 cm-1 for OH 
deformation vibration is detectable. Furthermore, the broad band around 3400 cm-1 is narrowing, 
which indicates less dipole-dipole interactions from hydroxide species in the material. Instead, the 
signal develops due to adsorbed water molecules in the porous compound. Some organic residues due 
to polymer removal show stretching vibrations at 2916 cm-1. 
The IR patterns depicted in Figure 5.82 show 
the transformation of the precursor gels 
obtained from calcination of polymer template 
containing synthesis mixtures. In the region 
between 1500 cm-1 and 1200 cm-1, distinct 
vibration signals can be found in the gels. These 
originate from the organic building blocks of the 
soft templates. Instead of two sharp bands at 
552 cm-1 and 439 cm-1, which are typical for solid 
ZnFe2O4, only a very broad vibration band can be 
seen. This indicates a preformed connection with 
non-uniform bond length in the precursor gel.  
The calcined samples show the expected, well-separated vibrational bands of the solid compound. 
Besides, the signals originated from the polymer decline. Only a weak, sharp signal at 1348 cm-1 for OH 
 
 
Figure 5.82: IR patterns of mesoporous ZnFe2O4 
powders. 
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deformation vibration is detectable. Furthermore, the broad band around 3400 cm-1 is narrowing, 
which indicates less dipole-dipole interactions from hydroxide species in the material. Instead, the 
signal develops due to adsorbed water molecules in the porous compound. Some organic residues due 
to polymer removal show stretching vibrations at 2916 cm-1. 
In Figure 5.83, TEM images of the calcined samples are shown. There, a connected network of 
ZnFe2O4 particles forming pores of different size and shape are visible. This matches N2 physisorption 
analysis (compare Table 5.7 and Figure 5.81), were a broad pore size distribution with an average pore 
size round 25 nm was found. HRTEM images show the single crystal domains grew larger for the 






5.5.1 XAS Investigation of Mesoporous Zinc Ferrite Powders 
 
Because mesoporous ZnFe2O4 powders and thin films are very similar in terms of crystallinity, 
porosity and phase purity, further structural analysis using synchrotron irradiation was only performed 
on the powder samples to draw conclusions about thin films samples, too. First, XANES measurements 
of the Fe K-edge of PLU-templated samples were performed to gain deeper insight into the 
coordination geometry around the Fe3+ ions within the samples.  
a) b) c)
d) e) f)
Figure 5.83: TEM images of PLU-derived ZnFe2O4 powders calcined at a+d) 600 °C, b+e) 550 °C and c+f) 500 °C. 
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The obtained spectra (Figure 5.84) reveal significant structural difference between the precursor 
gel and the calcined samples. Especially in the post-edge region, the multiple scattering is much more 
distinct in the calcined samples, indicating higher crystal ordering. In the pre-edge region, a clear 
feature around 7113.6 eV was found for all samples, which fits the literature value of 714.0 eV.[356] 
Again, the precursor gel differs from the calcined samples, showing a much higher pre-edge intensity. 
The pre-edges were fitted using Athena software[304] to allow a detailed comparison of the samples. 





Sample x1 / eV FWHM1 / eV A1 x2 / eV FWHM2 / eV A2 E0 / eV 
ZFO PLU 300 °C 7113.64 0.99 0.32 7116.07 1.51 0.20 7122.90 
ZFO PLU 500 °C 12h  7113.56 0.83 0.10 7115.87 2.60 0.34 7123.05 
ZFO PLU 550 °C 12h  7113.59 1.05 0.13 7116.23 2.42 0.26 7123.05 
ZFO PLU 600 °C 12h  7113.60 1.02 0.16 7116.32 2.53 0.25 7122.84 
x – peak position / FHWM – full width at half maximum / A – peak area / E0 –edge energy 
 
For all samples, reasonably good fits of the pre-edge structure were obtained. These fits revealed 
a pre-edge position at 7113.6 eV with a satellite around 7116 eV found for all samples. The pre-edge 
position is sensitive to the oxidation state of the metal ion and the calculated values match well with 
those reported for Fe3+ containing iron oxide compounds.[298] Whereas, the pre-edge intensive is 
sensitive to the coordination around the metal ions, which is why conclusions on tetrahedral or 
octahedral oxygen coordination can be drawn. For ZnFe2O4 being considered a normal spinel, Fe3+ are 
expected to be in octahedral positions, while Zn2+ occupy tetrahedral sites. With a relative intensity 






































Figure 5.84: a) Full XANES spectra and b) XANES pre-edge feautures of PLU-derived mesoporous ZnFe2O4 
powders. 
Table 5.8: XANES fits of mesoporous ZnFe2O4 powders. 
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around 0.15, all calcined samples indicate iron ions mainly in octahedral positions, which agrees with 
reports on low degree of inversion in ZnFe2O4. The absorption edge of XANES is determined by the 
valence state and also by the metal-oxygen distance as shown by De Vries et al.[291] For Fe3+, an 
absorption edge energy of 7122 eV has been reported,[298] which matches well with the observed 
values of around 7123 eV. If Fe2+ was present, the edge energies would be shifted to lower energies by 
around 1.5 eV.[298] Splitting of the pre-edge feature by around 1.5 eV for octahedral Fe3+ complexes has 
been reported by Westre et al.[290] With oxygen ligands in the mesoporous ZnFe2O4 powders, a slightly 
larger splitting of around 2 eV was observed. Comparing the samples prepared at 300 °C, 500 °C and 
600 °C, respectively, slight differences were found. Especially when comparing the precursor gel and 
the calcined samples, a minor shift to larger emission energies was found for excitation at 7114 eV (see 
Figure 5.85c), which is equal to the position of the pre-edge maximum (compare Figure 4.4 and 





When the samples were excited with 7113 eV (Figure 5.85b), both crystalline samples show a lower 
emission energy. With an excitation energy close to the edge (7118 eV), all samples show identical 
emission energies (Figure 5.85d). As already presented in chapter 4.1.5, with site-selective emission in 












































































Figure 5.85: K-edge absorption spectrum of PLU with corresponding excitation energies for b-d) the 
corresponding X-ray emission spectra of mesoporous ZnFe2O4 powders. 
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the pre-edge region, additional features in XES line shape can be identified, which would not be 
detectable in non-resonant XES (compare Figure 4.6). Comparing the literature results for α-Fe2O3 with 
those shown in Figure 5.85, no shoulders in the peak shape were found. This might be due to lower 
resolution of the overall spectra, as different monochromators were applied during presented and 
reference measurements. This assumption is supported by comparison with analysis details found for 
Fe3O4 and α-Fe2O3 reference compounds were also no non-symmetric peak shapes were found. Using 
PyMca software, a split pseudo-Voigt fit function was used to characterize the XES signals. The fit 
results are summarized in Table 5.9 (compare also Table 5.4 and Table 9.4). 
 
Eex / eV Sample Eem / eV FWHM / eV Arel / % Etrans / eV 
7113 PLU 300 °C 6405.5 4.32 26.75 707.5 
 PLU 500 °C 12h  6405.4 4.30 18.93 707.6 
 PLU 600 °C 12h  6405.7 4.36 
23.39 707.3 
7114 PLU 300 °C 6405.8 3.78 30.19 
708.2 
 PLU 500 °C 12h  6405.6 3.86 17.06 708.4 
 PLU 600 °C 12h  6406.0 4.02 
20.98 708.1 
7118 PLU 300 °C 6405.8 5.36 28.63 712.2 
 PLU 500 °C 12h  6405.4 4.89 20.90 712.6 
 PLU 600 °C 12h  6405.8 5.26 
26.16 712.2 
Eex – excitation energy / Eem – emission energy / FHWM – full width at half maximum / Arel – peak area 
relative to Fe3O4 / Etrans - energy transfer 
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Table 5.9: XES fits of mesoporous ZnFe2O4 powders. 
Figure 5.86: RIXS planes of a) mesoporous ZnFe2O4 powder calcined at 600 °C and b) its respective precursor gel. 
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The RIXS planes with marked excitation energies for site-selective XES are shown in Figure 5.86. 
From RIXS analysis, again a higher pre-edge intensity was found for the PLU-derived gel in comparison 
to the sample calcined at 600 °C. This matches findings from XANES and XES analysis (compare 
Figure 4.4 and Figure 5.85).  
The pre-edge feature of the crystalline sample shows a clear diagonal trend, which is typical for 
materials with Fe3+ atoms in octahedral coordination.[293] As in normal spinel ZnFe2O4, the majority of 
Fe3+ are located in the octahedral sites, this assumption is supported by RIXS measurement. Along this 
axis, a rather broad distribution around the maximum was found. In contrast, the pre-edge feature of 
the precursor gel is more concerted. There are some weak expansion in the horizontal direction 
additionally to the diagonal extension. This indicates different energy transfer at the same excitation 
energy. A less diagonal plot shape was already reported by de Groot et al.[293] for Fe3+ in tetrahedral 
coordination. As such a preliminary conformation of the Fe3+ ions in the precursor gel was already 
assumed from XANES analysis (compare Figure 4.4), the results from RIXS measurements are in 
agreement with all previous measurements. The peak positions from maximum energy absorption and 
energy transfer were estimated as 7114.0 eV and 708.4 eV for the calcined sample and at 7114.2 eV 
and 708.2 eV for the precursor gel, respectively. 
Finally, valence-to-core XES excitation (V2C) of the sample calcined at 600 °C was measured. The 
obtained spectrum and corresponding fit is shown in Figure 5.87a. Evident from this figure is the non-
optimum measurement period. As the Kβ’’ line has only very weak intensity (see also chapter 4.1.5), 
very long measuring time is needed. In this case, the period of analysis was around 8 hours. Still, a 
rather noisy spectrum was received. In Figure 5.87b, the V2C-XES spectrum and the corresponding 
XANES spectrum are shown together with their first derivatives. As can be seen, a minimum and 
maximum for the decay of the V2C shoulder and the rise of the pre-edge shoulder can be found. Again, 





















































Figure 5.87: a) V2C-XES spectrum with fit and b) V2C-XES and XANES spectra with their first derivatives. 
5.5 Results and Discussion − Mesoporous Zinc Ferrite Powders 
 
ꟾꟾ  162 
The horizontal markers were placed on the half maximum of the decay and the rise region, 
respectively. A value of 7112.3 eV for the onset of the pre-edge and 7114.4 eV for the V2C decay were 
obtained. The difference between those values, which is 2.1 eV, equals the band gap energy of the 
material. This values matches quite well with the indirect band gap calculated from UV-Vis analysis of 
ZnFe2O4 nanoparticles (compare Figure 5.1c-d). However, this is only a rough estimation due to limited 
data quality. 
The overlap of the V2C and XANES signals in the pre-edge region is surprising, as the report by 
Nowakowski et al.[312] stated only a minor overlap for α-Fe2O3. This was, so far, a good reference for 
the Fe3+ characteristics of ZnFe2O4. The difference is probably due to the calculated XANES spectra 
obtained at maximum Kβ intensity from RXES measurement. This shows narrower features compared 
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6 Conclusion 
 
At the beginning of this work, a vast number of publications concerning the band gaps, band 
positions as well as the photoelectrochemical and photocatalytic performance of MgFe2O4, ZnFe2O4 
and CaFe2O4 reported confusing and sometimes contradictory results. Due to the formation of 
by-phases or inappropriate phase analysis, the variety of experimental conditions, the partial lack of 
adequate reference experiments and the variation of multiple experimental parameters, literature 
results were found to be partly unreliable. Therefore, this work addressed the synthesis of highly phase 
pure, nanostructured MgFe2O4, ZnFe2O4 and CaFe2O4 samples destined for detailed, systematic 
evaluation of their physicochemical, photocatalytic and photoelectrochemical properties. 
The investigation of microwave-derived cubic spinel ferrite MgFe2O4 and ZnFe2O4 nanoparticles 
revealed phase-pure compounds with high monodispersity and spherical shape exhibiting indirect 
band gaps of 2.20 eV and 2.04 eV, respectively. This trend was also detected for the particle size of 
MgFe2O4 and ZnFe2O4 nanoparticles being 5 nm and 10 nm, respectively, which is consistent with the 
average crystallite size of 8.6 nm for ZnFe2O4 and 3.2 nm for MgFe2O4 calculated by Rietveld 
refinement. The difference in average crystallite size and particle size was assigned to the lower 
decomposition temperature of the zinc precursors, which leads to a higher oversaturation at the 
chosen reaction temperature of 275 °C. The synthesis period for both ferrites was found to be of minor 
impact. The synthesis of orthorhombic ferrite CaFe2O4 nanoparticles was not possible, which was 
accounted to the high decomposition temperature of the chosen precursor, exceeding the possible 
synthesis temperature. The influence of reaction setup for production of ZnFe2O4 nanoparticles was 
investigated, showing comparable results concerning the phase purity, average crystallite size, average 
microstrain and surface area. Post-synthetic heat treatment showed an increasing crystallite size and 
decreasing microstrain accompanied by a loss of surface area, which was attributed to nanoparticle 
sintering appearing at temperatures ≥ 500 °C. All as-synthesized and post-synthetically calcined 
nanoparticles showed heavy agglomeration, which reduces the accessible surface area during 
photocatalysis. Therefore, multiple approaches for colloidal stabilization of as-synthesized MgFe2O4 
and ZnFe2O4 nanoparticles in non-polar and polar solvents were developed. Furthermore, surface-
functionalized MgFe2O4 and ZnFe2O4 nanoparticles were investigated concerning their photocatalytic 
properties. It was shown, that not only a low degree of agglomeration but also the nature of the 
surfactant could influence the photocatalytic degradation of model compounds. This represents the 
first study on the interplay of colloidal stability, the nature of surfactants and the resulting 
photocatalytic efficiency of degradation processes.  
Besides, a so-gel-based synthesis approach for mesoporous ferrite thin films, which was previously 
reported by Haetge et al., was optimized for the synthesis of mesoporous ZnFe2O4, MgFe2O4 and 
6 Conclusion  
ꟾꟾ  164 
CaFe2O4 thin film photoelectrodes. For generation of mesopores, different block-copolymers were 
used as soft templates.  
The impact of pore morphology and crystallinity of mesoporous ZnFe2O4 thin films on their 
photoelectrochemical performance was studied systematically by variation of calcination temperature 
(500 °C – 600 °C) and calcination period (0 min – 12 hours) used during the synthesis. Furthermore, the 
infiltration with SiO2 prior to the calcination was chosen to see if smaller mesopores, which come along 
with a higher surface area, could be maintained during the developed synthesis. It was shown, that 
the photoelectrochemical performance of these hard-templated films depends on the grain size 
formed during sintering, leading to the assumption that the PEC performance of mesoporous ZnFe2O4 
depends rather on the size of crystalline domains than on the morphology of the pores. This is, so far, 
the first systematic study on the influence of pore morphology and crystallinity on the PEC 
performance of nanostructured thin film photoelectrodes.  
For MgFe2O4, ultrathin mesoporous thin films were prepared by a polymer-templated dip coating 
approach. A need for higher temperatures starting from 600 °C was identified for development of 
crystalline mesoporous MgFe2O4 thin films. As already seen for mesoporous ZnFe2O4 photoelectrodes, 
the extension of the calcination period increases the achievable photocurrent. A MgCO3 surface layer 
was detected by XPS analysis, which might by accountable for the limited PEC performance. 
After intensive investigation, the synthesis procedure was also transferred to CaFe2O4 resulting in 
mesoporous thin films with hierarchical pore structure. By this means, production of mesoporous 
CaFe2O4 photocathodes at synthesis temperatures below 800 °C was possible for the first time. Similar 
to MgFe2O4, XPS analysis revealed the presence of a CaCO3 surface layer on mesoporous CaFe2O4 thin 
films, which might limit the PEC performance. The tendency for carbonate formation of Mg- and Ca-
based ferrites during calcination in air was accounted to the highly negative Gibbs free formation 
enthalpy of MgCO3 and CaCO3. 
Comparison with nanoparticle-derived mesoporous ZnFe2O4 thin films gave insights into the charge 
carrier diffusion and influence of grain boundaries underlining the aforementioned necessity for 
crystalline materials. Nanoparticle-based ZnFe2O4 thin films were produced by spin coating of an 
ethanol-based solution of PVP-encapsulated ZnFe2O4 nanoparticles. The film thickness was easily 
adjustable by multiple consecutive coating steps. The average crystallite size and mesopore 
morphology were influenced by changing the calcination procedure of the as-synthesized thin films as 
shown by SEM and Rietveld analysis. The PEC performance under simulated solar light showed a 
significant difference between foreside and backside irradiation, which was accounted to an increased 
transport limitation of the charge carriers inside the mesoporous structure. 
Finally, mesoporous ZnFe2O4 powders were produced as a third example of nanostructured 
ZnFe2O4 samples. Based on the precursor gels produced with different polymer templates, phase-pure 
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ZnFe2O4 powders were obtained after calcination temperatures between 500 °C and 600 °C, which was 
verified by XRD and Raman analysis. During post-synthetic heat treatment, the average pore sizes of 
8.6 nm in the precursor gels increased to about 25 nm. Different crystallite sizes were found after the 
calcination step, increasing with rising calcination temperature according to Rietveld refinement. They 
were in agreement with the values found for equally treated mesoporous ZnFe2O4 thin films. TEM 
analysis confirmed a porous, connected network of ZnFe2O4 single crystals in the range of the 
calculated average crystallite size. By synchrotron-based X-ray absorption techniques, deeper insight 
into the distribution of Fe3+ ions in the spinel structure were obtained, indicating a low degree of 
inversion as already found for ZnFe2O4 nanoparticles. Applying XANES and valence-to-core emission 
analysis, a band gap of 2.1 eV was determined, which matches well with the value found during 
DR-UV-Vis analysis. This is, so far, the first systematic analysis using synchrotron techniques of an iron-
oxide-based mesoporous powder concerning the band structure, electronic states and degree of 
inversion. 
The obtained results on MgFe2O4, ZnFe2O4 and CaFe2O4 rule out contradictory literature reports, 
clarifying the band positions and semiconductor types. This allows inferences on their possible 
application in photocatalysis and photoelectrochemistry, suggesting MgFe2O4 and ZnFe2O4 as 
photoanode materials for oxidation reactions and CaFe2O4 as photocathode material. A strong impact 
of the crystallinity in nanostructured samples was identified and a dependence of the PEC performance 
of mesoporous ZnFe2O4 thin films on the synthesis method was revealed. Furthermore, for the first 
time, colloidal stability and the nature of surfactants was related to the photocatalytic efficiency of 
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7 Outlook 
 
In the future, different topics could be addressed to further understand and improve the 
photocatalytic and photoelectrochemical performance of the studied systems. 
In principal, the synthesis developed for ZnFe2O4 nanoparticles[4] and adapted for MgFe2O4 
nanoparticles[1] should be applicable to other cubic spinel ferrites, too, allowing a fast and easy 
synthesis of phase-pure, uniform nanocrystals.  
As already examined, the synthesis was not adaptable for non-cubic ferrite material CaFe2O4. 
Therefore, no CaFe2O4 nanoparticles were producible for photocatalytic investigation. Concerning this, 
the development of a solution-based synthesis approach for CaFe2O4 nanoparticles is highly desirable 
and should be targeted in the future. To achieve this, the application of different precursors, solvents 
or reaction setups would be imaginable. 
In addition, the in situ stabilization of PVP could be applied to other solution-based synthesis 
approaches operating at temperatures between 200 °C and 300 °C. This would offer the possibility of 
direct synthesis of water-based colloidal solutions. Furthermore, these colloids could be used for 
production of mesoporous thin films via spin coating as described in chapter 3.2.4. Possibly, 
PVP-encapsulated nanoparticles could be applicable for dip-coating synthesis of mesoporous thin 
films, too. As shown for mesoporous ZnFe2O4 thin film photoanodes, the use of microwave-assisted 
formation of monocrystalline nanoparticle precursors can lead to higher photocurrent densities at 
similar film thicknesses and surface area compared to sol-gel based approaches. 
The stabilization of small nanoparticles with betaine hydrochloride or citric acid might also be 
applicable to other ferrite or metal oxide nanoparticles, although adjustment of the surfactant ratio 
could be necessary in the latter case due to different faceting of the oxide surfaces. 
The morphological impact of soft templating with different block-copolymers followed by tailored 
calcination procedures should be transferrable to other ferrite and iron oxide materials and might be 
applicable for other metal oxide semiconductors with a comparable sol-gel chemistry. 
For mesoporous thin films, the impact of film thickness was not investigated so far. As the thickness 
of the thin film absorber correlates with the absorption of incident light, an optimum in film thickness 
could lead to an improved PEC performance. Besides, the increase of film thickness is accompanied by 
the increase of photocatalyst amount, which would allow conclusions on the change of PEC 
characteristics concerning the variation of the amount of active mass of the photocatalyst. 
Furthermore, the conservation of original pore structure by infiltration with a hard template was 
only briefly addressed in chapter 5.3.1.3 for mesoporous ZnFe2O4 thin films. This approach could be 
transferred to mesoporous MgFe2O4 and CaFe2O4 thin film photoelectrodes and might help to reduce 
the amount of carbonate formed during calcination. As the carbonate surface layers are assumed to 
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act as passivation layers, their reduction or complete elimination could improve the PEC performance. 
Especially concerning MgFe2O4 thin films, the optimum conditions for generation of high-performing 
photoanodes have not been found yet, which is why further adjustment of the dip coating and 
calcination procedure would be necessary.  
Furthermore, the generation of larger pores by application of novel polymers could improve the 
mass transport and gas diffusion inside the thin films. In 2016, the generation of 30 nm sized 
mesopores in Ta2O5 and CsTaWO6 by a tailored drying and calcination process in the presence of 
ISO polymer has been reported.[112,143] A transfer of this process to the developed sol-gel approach for 
ferrite thin film synthesis could lead to an ordered porosity in ferrite powders.  
During the photoelectrochemical characterization of ZnFe2O4, CaFe2O4 and MgFe2O4 
photoelectrodes, difficulties in the charge transfer into the solution were observed. This can be 
accounted to problems with hole accumulation, the presence of surface trap states and a low charge 
carrier mobility. These points could be addressed by deposition of suitable co-catalysts (e.g. CoO(OH), 
FeO(OH) or IrO2)[152,380,381], the addition of a passivation layer (e.g. SnO2, Al2O3 or Fe2TiO5)[382–384] and 
doping[385–387] or post-synthetic treatment as reported by Kim et al.[107,232].  
With the STH efficiency of PEC tandem cells depending on the band gap of the included absorber 
materials, visible-light-absorbing materials have been identified as desirable components. With the 
aim of 10 % STH efficiency, ZnFe2O4 and MgFe2O4 exhibiting band gaps around 2 eV could be suitable 
absorber materials for dual-absorber tandem cells in combination with silicon.[43,44] So far, mostly 
hematite-silicon-tandem approaches have been reported.[388] Therefore, the combination of ZnFe2O4 
and MgFe2O4 as photoanode materials with either a CaFe2O4 or a silicon photocathode to construct a 
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Matrix Sample Χ²global a/ Å La / nm η / % 
Thin films 
ZFO PLU 500 °C 0 min  1.23 8.43536 10.78 ± 0.51 58.5 
ZFO PLU 500 °C 10 min  1.42 8.43288 10.42 ± 0.39 43.6 
ZFO PLU 500 °C 12 h  1.25 8.4421 13.00 ± 1.10 46.4 
ZFO PLU 550 °C 0 min 1.32 8.43394 9.08 ± 0.24 51.0 
ZFO PLU 550 °C 10 min 1.28 8.43518 8.50 ± 0.27 40.1 
ZFO PLU 550 °C 12 h  1.77 8.4421 17.85 ± 1.14 34.0 
ZFO PLU 600 °C 0 min 1.29 8.44268 11.12 ± 0.14 44.7 
ZFO PLU 600 °C 10 min 1.24 8.43456 10.83 ± 0.38 49.1 
ZFO PLU 600 °C 12 h  1.52 8.4421 20.13 ± 1.19 31.0 
ZFO PIB 500 °C 0 min  1.24 8.43555 9.48 ± 0.44 52.8 
ZFO PIB 500 °C 10 min  1.41 8.43296 8.03 ± 0.23 38.6 
ZFO PIB 500 °C 12 h  1.80 8.4421 17.05 ± 1.60 30.0 
ZFO PIB 550 °C 0 min 1.10 8.43236 9.25 ± 0.87 41.8 
ZFO PIB 550 °C 10 min 1.87 8.43714 8.12 ± 0.62 70.3 
ZFO PIB 550 °C 12 h  1.38 8.4421 21.36 ± 0.90 21.9 
ZFO PIB 600 °C 0 min 1.43 8.4421 10.03 ± 0.22 39.2 
ZFO PIB 600 °C 10 min 1.33 8.442 10.52 ± 0.56 44.4 
ZFO PIB 600 °C 12 h  2.90 8.44599 21.03 ± 0.97 7.8 
MFO PLU 600 °C 12 h 1.35 8.38483 4.323 ± 0.874 33.7 
Nanoparticles ZFO MW as-syn 1.60 8.43215 10.49 ± 0.87 34.6 
 
ZFO Batch 206 °C 1.59 8.40485 8.82 ± 1.05 35.0 
ZFO PVP 1.56 8.4421 14.07 ± 0.54 18.8 
 ZFO MW 400 °C 1.86 8.4421 10.03 ± 0.51 24.9 
 ZFO MW 500 °C 1.70 8.43738 13.35 ± 0.39 23.9 
 ZFO MW 600 °C 2.07 8.44006 17.37 ± 0.91 18.2 
 ZFO MW 30 min 3.00 8.43501 8.62 ± 0.89 44.1 
 ZFO MW 20 min 2.09 8.4323 8.34 ± 0.91 58.2 
 ZFO MW 15 min 1.03 8.4299 9.41 ± 0.89 51.6 
 ZFO MW 10 min 1.74 8.4283 7.22 ± 0.72 60.1 
 MFO MW 30 min 1.14 8.37738 3.196 ± 0.16 59.3 
 MFO MW 20 min 1.23 8.38597 2.553 ± 0.21 10.8 
Table 9.1: Parameters obtained from Rietveld refinement of XRD data from all discussed samples. 
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 MFO MW 15 min 1.24 8.38413 2.913 ± 0.38 60.4 
 MFO MW 10 min 1.77 8.3873 1.584 ± 0.11 46.4 
 MFO PVP 1.10 8.3900 4.415 ± 0.146 61.3 
Mesoporous 
powders 
ZFO PLU 500 °C 12 h  1.6 8.43985 16.05 ± 1.19 22.9 
ZFO PLU 550 °C 12 h  1.78 8.43698 19.70 ± 1.74 20.9 
ZFO PLU 600 °C 12 h  1.74 8.44266 21.34 ± 1.48 17.1 
ZFO PIB 600 °C 12 h 2.9 8.44599 21.03 ± 0.97 7.8 
χ²global = / a = lattice parameter / La = average crystallite size / η = average microstrain  
 
Sample Vp / cm³g-1 dp (NLDFTads) / nm SL / m²g-1 σ (NLDFTads) / % KL 
ZFO PLU 300 °C 0.374 6.8 252.0 2.5 0.995 
ZFO PIB 300 °C 0.286 6.8 168.1 1.8 0.995 
ZFO PLU 500 °C 0.180 24.6 66.0 1.5 0.997 
ZFO PLU 550 °C 0.109 25.5 44.2 1.7 0.999 
ZFO PLU 600 °C 0.094 24.6 32.0 1.8 0.997 
ZFO PIB 600 °C 0.063 25.5 34.0 1.0 0.997 
ZFO MW as-syn 0.110 7.0 117.4 4.0 0.998 
ZFO MW 400 °C 0.114 9.1 80.5 2.7 0.997 
ZFO MW 500 °C 0.123 12.6 53.7 5.1 0.997 
ZFO MW 600 °C 0.094 18.6 25.8 7.3 1.000 












Table 9.2: Results from NLDFT and Langmuir analysis of N2 physisorption on ZnFe2O4 powders. 
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Sample x1 / eV FWHM1 / eV A1 x2 / eV FWHM2 / eV A2 E0 / eV 
ZnFe2O4 PLU 300 °C 7113.64 0.99 0.32 7116.07 1.51 0.20 7122.90 
ZnFe2O4 PLU 500 °C 12 h  7113.56 0.83 0.10 7115.87 2.60 0.34 7123.05 
ZnFe2O4 PLU 550 °C 12 h  7113.59 1.05 0.13 7116.23 2.42 0.26 7123.05 
ZnFe2O4 PLU 600 °C 12 h  7113.60 1.02 0.16 7116.32 2.53 0.25 7122.84 
ZnFe2O4 Batch 7113.74 1.08 0.30 7116.61 1.19 0.12 7123.02 
ZnFe2O4 MW as-syn 7113.68 1.11 0.29 7116.74 1.76 0.19 7122.37 
ZnFe2O4 MW 400 °C 7113.72 1.10 0.29 7116.70 1.71 0.19 7122.74 
ZnFe2O4 MW 500 °C 7113.68 1.17 0.28 7116.78 1.79 0.19 7122.93 
ZnFe2O4 MW 600 °C 7113.70 1.08 0.24 7116.60 1.84 0.19 7122.91 
ZnFe2O4 PVP 7113.76 1.11 0.29 7116.61 1.19 0.12 7122.91 
MgFe2O4 PVP 7113.73 1.11 0.64 7117.24 1.18 0.21 7121.91 
Fe3O4 7113.5 1.02 0.38 7116.4 1.35 0.15 7120.8 
α-Fe2O3 7113.6 2.14 0.36 7116.3 0.82 0.06 7121.7 











Table 9.3: XANES pre-edge fits. 
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Eex / eV Sample Eem / eV FWHM / eV A Etrans / eV 
7113 ZnFe2O4 PLU 300 °C 6405.5 4.32 0.000193 707.5 
 ZnFe2O4 PLU 500 °C 12 h 6405.4 4.30 0.000137 707.6 
 ZnFe2O4 PLU 600 °C 12 h  6405.7 4.36 0.000169 707.3 
 ZnFe2O4 Batch 6405.3 4.37 0.000242 707.7 
 ZnFe2O4 MW as-syn 6405.6 4.20 0.000284 707.4 
 ZnFe2O4 MW 400 °C 6405.5 4.33 0.000177 707.5 
 ZnFe2O4 MW 500 °C 6405.7 4.22 0.000137 707.3 
 ZnFe2O4 MW 600 °C 6405.8 4.20 0.000142 707.2 
 MgFe2O4 PVP 6405.3 4.05 0.000439 707.7 
 Fe3O4 6405.4 3.94 0.000722 707.6 
 α-Fe2O3 6405.4 3.96 0.000270 707.6 
7114 ZnFe2O4 PLU 300 °C 6405.8 3.78 0.000361 708.2 
 ZnFe2O4 PLU 500 °C 12 h 6405.6 3.86 0.000204 708.4 
 ZnFe2O4 PLU 600 °C 12 h  6406.0 4.02 0.000251 708.1 
 ZnFe2O4 Batch 6405.8 4.07 0.000467 708.2 
 ZnFe2O4 MW as-syn 6405.9 3.85 0.000467 708.1 
 ZnFe2O4 MW 400 °C 6405.5 3.86 0.000294 708.5 
 ZnFe2O4 MW 500 °C 6406.0 3.80 0.000216 708.0 
 ZnFe2O4 MW 600 °C 6406.0 3.90 0.000208 708.0 
 MgFe2O4 PVP 6405.8 3.71 0.000837 708.2 
 Fe3O4 6405.8 3.78 0.001195 708.2 
 α-Fe2O3 6405.8 3.64 0.000522 708.2 
7118 ZnFe2O4 PLU 300 °C 6405.8 5.36 0.000148 712.2 
 ZnFe2O4 PLU 500 °C 12 h 6405.4 4.89 0.000108 712.6 
 ZnFe2O4 PLU 600 °C 12 h  6405.8 5.26 0.000135 712.2 
 ZnFe2O4 Batch 6405.7 6.04 0.000190 712.3 
 ZnFe2O4 MW as-syn 6405.9 5.75 0.000224 712.1 
 ZnFe2O4 MW 400 °C / / / / 
 ZnFe2O4 MW 500 °C 6405.9 5.12 0.000110 712.2 
 ZnFe2O4 MW 600 °C 6406.0 5.36 0.000113 712.0 
 MgFe2O4 PVP 6405.7 6.20 0.000269 712.3 
 Fe3O4 6405.5 5.33 0.000516 712.5 
 α-Fe2O3 6405.6 4.63 0.000190 712.4 
Table 9.4: XES fits of analyzed compounds. 
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Figure 9.1: DLS measurement of in situ OLA/OA-stabilized MgFe2O4 nanoparticles synthesized a) by adapting a 
procedure reported by Sun et al., and b) by adding OLA and OA to the standard synthesis mixture (from 
A. Becker).[389] 
Figure 9.2: TEM images of in situ OLA/OA-stabilized MgFe2O4 nanoparticles synthesized a) by adapting a 
procedure reported by Sun et al. (adapted from A. Becker).[389] 
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Figure 9.3: EDX spectra of PVP-coated a) ZnFe2O4 and b) MgFe2O4 nanoparticles. 
 
Figure 9.4: DLS measurements for betaine- and citrate-capped MgFe2O4 nanoparticles recorded immediately, 
1 week and 4 weeks after the synthesis.[1,350] 
Figure 9.5: UV-Vis spectra collected of aqueous solution of a) rhodamine B and b) tetracycline under simulated 
sunlight irradiation (adapted from A. Becker).[350] 
betaine-capped MgFe2O4 citrate-capped MgFe2O4
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Figure 9.6: Raman spectra of mesoporous ZnFe2O4 thin films template with Pluronic® F127 (red) and PIB3000 
(blue) calcined at 1000 °C for 1 h (heating rate 10 °C min-1) showing α-Fe2O3 impurities (marked with *).[34] 
Figure 9.7: Cross section SEM images of PIB-derived (blue) and PLU-derived mesoporous ZnFe2O4 thin films. [34] 
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CaFe2O4 700 °C 1h  
(on Si at 300 K) 
CaFe2O4 700 °C 4h  
(on Si at 300 K) 
CaFe2O4  
(single crystal)  
calculated (measured)[373] 
Ca2Fe2O5  
(single crystal)  
calculated (measured)[374] 
119 120 84 (121) Ag - 
159 146 155 B2g - 
176 180 183 B2g - 
203 205 210 Ag - 
217 222 224 B2g 226 (251) Ag 
- 244 249 Ag 246 (261) Ag 
269 272 267 (274) Ag - 
288 292 290 or 298 Ag 297 (292) Ag 
- 308 298 (302) B2g 310 (313) Ag 
337 341 337 B2g - 
363 364 367 B1g or B3g 350 (380) Ag 
- 377 407 (371) Ag - 
400 406 406 Ag 400 (397) Ag 
439 437 428 or 431 Ag or B2g 435 (428) Ag 
- 451 451 Ag - 
582 580 578 or 588 Ag or B2g 596 (558) Ag 
643 646 653 (648) Ag 618 (595) Ag 





Table 9.5: Raman signals of CaFe2O4 thin films compared to literature values. 
Figure 9.8: EDX spectrum of a non-stoichiometric CaFe2O4 precursor gel. 
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Figure 9.9: EDX spectrum of a stoichiometric CaFe2O4 precursor gel. 
Figure 9.10: EDX spectrum of a CaFe2O4 thin film calcined at 800 °C in synthetic air. 
Figure 9.11: EDX spectrum of a stoichiometric CaFe2O4 precursor gel treated at 300 °C. 
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CaFe2O4, 700°C, 1h CaFe2O4, 700°C, 4h
Figure 9.12: EDX spectrum of a CaFe2O4 thin film calcined at 700 °C for 1 hour (left) and 4 hours (right) in air. 
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Et2O diethyl ether 











extended X-ray absorption 
fine structure 
BJH 




field emission scanning 
electron microscope  
C16TAC 
hexadecyltrimethyl 
ammonium chloride  
 FTO 
flourine-doped tin oxide 
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Abbreviation Meaning  Abbreviation Meaning 
JCPDS 
Joint Committee on 
Powder Diffraction 
Standards 
 SCE saturated calomel 
electrode 










   TEOS tetraethyl orthosilicate  










with mass spectrometry 
NLDFT 
non-local density 
functional theory  
 
TMOS tetramethyl orthosilicate  





time of flight secondary 
mass spectrometry 
OLA oleylamine  TON turn over number 
PEC photoelectrochemical  TR transmission 
PEO polyethylene oxide   UV ultraviolet 
PIB short for PIB3000  UV-Vis ultraviolet and visible light 
PLD pulsed laser deposition   V2C valence-to-core  
PLU Pluronic® F-127  VB valence band 
PPO polypropylene oxide   wt% weight percent 
PTFE polytetrafluoroethylene 
 XANES 


















rpm rounds per minute  XRD X-Ray Diffraction 
SAED 




SC space charge    
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Symbol Meaning  Symbol Meaning 
A peak area  EVB valence band energy 
a lattice constant  f(E) Fermi Dirac function  
B Debye-Waller factor  hsurf surface holes 
C C constant  I0 incident photon flux  
c velocity of light  IXAS X-ray absorption intensity  
c0 starting concentration   J0 initial photocurrent  
ccp cubic closed package   Jcharge charging current  





JS steady state photocurrent  





k rate constant  
CSC local capacity   kB Boltzmann constant 
D interparticle distance   KBragg Bragg constant 










rate constant for 
recombination reaction  
dp pore diameter  
 
ktr  
rate constant for transfer 
reaction  
E energy  L mean free diffusion length 





mean free diffusion length 
of holes 





m* reduced mass 
Ediss dissociation energy  m*e effective mass of electrons 
Eem emission energy   m*h effective mass of holes 
Eex excitation energy   mred reduced mass 
Ef 
energy of the final 
state  
 
N degrees of freedom  
EF Fermi energy  nA amount of substance A 
EF(e-) 
quasi Fermi level of 
electrons 
 
NA Avogadro constant  
EF(h+) 
quasi Fermi level of 
holes 
 
nB amount of substance B 






density of states of 
photogenerated electrons 
Etrans energy transfer    
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Symbol Meaning  Symbol Meaning 
Nh 
density of states of 
photogenerated holes 
 
ΔfH° formation enthalpy 
p pressure  Δk wave vector difference 
Pλ  




ligand field splitting energy 
in octahedral geometry  




ligand field splitting energy 
in tetrahedral geometry  
r particle radius 
 
ΔΦSC 
potential drop across the 
SC region 
ranion radius of a anion 
 
ε 
dielectric constant of the 
material 
rcation radius of a cation 
 
ε0 
dielectric constant of the 
vacuum 
S surface area   ζ Zeta potential 
SBET BET surface area  η average microstrain 
SL Langmuir surface area  ηa overpotential 
tsyn synthesis period  Θ diffraction angle 
U potential  κ inverse screening length 






μ charge carrier mobility 
V volume  μh hole mobility 
Vads adsorbed volume  ν frequency 
Vm 




frequency of the incident 
photon  
VRHE 
volt vs. the reversible 
hydrogen electrode 
 
νosc vibrational frequency  
wSC 




ξ photonic efficiency  
x peak position  
 
σm 







τh lifetime of the holes 





τL lifetime of charge carriers 




Symbol Meaning  Symbol Meaning 
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Φ light intensity   φLJ Lennard Jones potential  
φA 




potential of repulsive 
forces 





Ψ surface potential 
Φf 
final state of the deep 




initial state of the 
deep core hole  
 
Ω excitation energy  
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